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Abstract This paper aims to unify image re-ranking and
rank aggregation strategies to enhance the retrieval precision
of content-based image retrieval (CBIR) systems. In gen-
eral, CBIR systems are concerned with the retrieval of a set
of relevant images from large repositories in response to a
submitted query. The primary objective of CBIR systems is
the exact ordering of database images in accordance with
the presented query. To this end, we present a novel image
re-ranking scheme for reordering the initial search results
returned by multiple retrieval models and an efficient rank
list fusion scheme to combine these refined retrieval results to
achieve better performance. The re-ranking algorithm intro-
duced in this work utilizes distance correlation coefficient to
refine the search result generated by a given retrieval model.
It involves two-step clustering of the initial retrieval list fol-
lowed by an adaptive procedure for updating the similarity
scores among images based on the created clusters. Simi-
larly, the Particle Swarm Optimization-based similarity score
fusion framework presented in this work optimally combines
the retrieval results generated by multiple CBIR systems. The
proposed approach is evaluated on various retrieval tasks
using state-of-the-art low-level and high-level descriptors.
Experimental results show that our model can significantly
enhance the overall effectiveness of CBIR systems.
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1 Introduction

Nowadays, the size of digital image repositories is growing
in an exponential fashion due to the advances in data storage
technologies and image capturing devices. This necessitates
the design of automated models which effectively manages
these large-scale image collections. Content-based image
retrieval (CBIR) has emerged as a widely accepted solution
to tackle this issue and it helps to organize and search digital
image collections by means of their content. The notion of
content either refers to visual properties (e.g., color, texture,
shape etc.) or semantic information (e.g., objects present in
the scene) associated with images. A ranked list of desired
images is returned based on the similarity between the con-
tent description of the given query and the images already
present in the database. In general, a ranking function will
do the trick and the relative ordering of images in the final
list indicate their degrees of relevance to the given query.
However, it should be noted that certain image representation
schemes and distance measures are appropriate only for some
image datasets and less suitable for the rest. In other words,
none of these image representation schemes and distance
measures perform consistently well in all circumstances.
Recently, many post-retrieval optimization frameworks
have been proposed to refine the final rankings returned by
CBIR systems. These rank list optimization techniques can
be grouped into three main categories: (i) approaches based
on relevance feedback (RF) [1-6], (ii) fusion models [7-9]
and (iii) re-ranking methods [10-15]. Relevance feedback
incorporates user judgements in the retrieval process. It pro-
vides the opportunity for users to evaluate retrieval results
and then automatically refine the query or similarity mea-
sure on the basis of those evaluations. Conversely, fusion
models either use an aggregated feature descriptor or merge
the retrieval list generated by multiple feature descriptors to
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generate a consensus ranking. On the other hand, image re-
ranking methods attempt to improve retrieval precision by
reordering images based on the initial search results and cer-
tain auxiliary information.

RF is an online learning strategy that generates enhanced
retrieval results based on the feedback from end-users regard-
ing the relevance of images present in the originally induced
ranking. The primary objective of RF is to learn the needs and
preferences of end-users. To do so, the quality of the search
result for a given query is judged by marking the retrieved
images as being either relevant or not. Then, CBIR systems
exploit this information to improve the retrieval result and
a revised ordering of images is presented back to the user.
This process continues until there is no further improve-
ment in the result or the user is satisfied with the new result.
In recent years, wide varieties of RF algorithms have been
developed and in general these relevance feedback schemes
are classified into two different classes: (i) query modification
approaches and (ii) methods based on ranking function alter-
ation. The most practiced techniques for query modification
are Query Point Movement (QPM) [1] and Query EXpansion
(QEX) [16]. However, global optimal results are not easily
obtained with QPM- and QEX-based strategies. In contrast
to query modification approaches, the second category of rel-
evance feedback schemes modifies the ranking function by
means of weighting strategies [17] or learning models [18].
In spite of their improved performance in image retrieval,
feedback approaches based on ranking function alteration
have many practical limitations. First, they rely on human
judgements and one has to often go through several feed-
back iterations to achieve a better result. In practice, this is
time consuming and computationally complex. Second, user
has to invest extra effort in judging the relevance of images
returned by the CBIR system.

The above-mentioned limitations motivated the develop-
ment of unsupervised strategies in which the goodness, of
multiple feature descriptors or their retrieval results, is com-
bined during query time for better retrieval efficiency. One
of the widely accepted solutions toward this direction is the
fusion model, and it generally falls into two main categories
namely early fusion and late fusion approaches [19]. In early
fusion, multiple image descriptors are composed to form a
single feature vector before indexing starts and the similar-
ity between images is measured in terms of this aggregated
feature. On the other hand, approaches based on late fusion
are further split into two major groups: (i) similarity score-
based rank list fusion and (ii) order based rank list fusion. In
similarity score-based rank list fusion, the similarity scores
of distinct image descriptors are merged by means of an
aggregation function to form the final search result. The
aggregation function exploits the knowledge derived from
multiple rank lists for computing a more accurate ordering
of images. Alternatively, order-based rank list fusion models
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provide a revised retrieval result as a function of the position
in which images appear in different rank lists. Since the fea-
ture characteristics and algorithmic procedures of individual
methods are entirely different, feature level fusion is highly
challenging. Therefore, late fusion tends to be more robust
and gives better performance in terms of precision for the
retrieval operation as compared to early fusion techniques.

Another widely accepted solution which enhances the
retrieval effectiveness without much human intervention is
image re-ranking. It is basically a post-processing analysis in
which the similarity between images is recalculated with the
help of an initial ranking list and some auxiliary information.
In general, auxiliary information can be anything that helps
the ranking function to refine the original retrieval list and is
derived from the initial retrieval list in a completely unsuper-
vised manner. This, in turn, improves the retrieval precision to
alarge extend. In past few years, considerable research efforts
have been devoted toward the design of efficient image re-
ranking algorithms. Based on how the auxiliary information
is extracted from the initial ranked list, the re-ranking meth-
ods can be further classified into the following categories:
clustering-based re-ranking [10,20], pseudo-relevance feed-
back (PRF) [21-24] and graph-based approaches [25-27].
All these approaches will be discussed in more detail later in
this paper.

To summarize, lots of efforts have been made in the past to
devise a variety of re-ranking and rank aggregation methods.
Even though some promising results have been obtained with
these formulations, there is still scope for future research to
improve their retrieval precision. Moreover, most of the exist-
ing formulations disregard the possibility of combining the
advantages of these two methods for the retrieval task. To
this end, novel approaches for image re-ranking and rank
aggregation are proposed. Further, the feasibility of combin-
ing re-ranking and rank aggregation methods to obtain more
accurate retrieval results is also explored. The formulated
model works in the following fashion. First, the newly intro-
duced image re-ranking algorithm is applied separately to
the retrieval list returned by state-of-the-art image descrip-
tors and then these refined lists are combined by the proposed
rank aggregation algorithm. The main contributions of this
paper are:

1. Adistance correlation coefficient-based image re-ranking
scheme to update the retrieval list generated by a given
CBIR system.

2. A Particle Swarm Optimization-based rank aggregation
framework to aggregate the retrieval list generated by
multiple CBIR systems.

3. An approach for combining the results of re-ranking and
rank aggregation aiming at improving the effectiveness
of CBIR systems.
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The remainder of this paper is organized as follows.
Sect. 2 summarizes the related works in re-ranking and rank
aggregation-based image retrieval. Section 3 will introduce
the notations and definitions used in this paper. The pro-
posed image re-ranking scheme is described in Sect. 4. The
formulation of the PSO-based rank list fusion framework is
explained in Sect. 5. The combination strategy for integrating
the results of the proposed re-ranking and rank aggregation
algorithms is discussed in Sect. 6. The experimental evalu-
ation of the proposed image re-ranking and rank list fusion
algorithms are presented in Sect. 7. Section 8 enumerates the
research outcome and also outlines the directions for future
research.

2 Prior work

This section summarizes the state-of-the-art research in
image retrieval using re-ranking and rank aggregation-based
strategies. In Sect. 2.1, the existing approaches for image re-
ranking are discussed in detail and Sect. 2.2 outlines various
rank list fusion methods.

2.1 Image re-ranking

A comprehensive review of various image re-ranking tech-
niques such as pseudo-relevance feedback, graph-based and
clustering-based approaches are provided in this section.
Pseudo-relevance feedback based re-ranking is entirely based
on the assumption that only the top-ranked images in the
retrieval list are considered as relevant to the given query.
These top-ranked images are termed as pseudo-relevant. This
is in contrast to RF-based rank list refinement where users
explicitly provide feedback by labeling the results as rele-
vant or irrelevant. Then these pseudo-relevant images can
be either used to train a statistical model by which images
in the original retrieval list can be re-arranged according
to the confidence scores yielded by the learned model or
provided as feedback to the retrieval system for query re-
formulation. It should be noted that the pseudo-relevance
assumption still preserves the unsupervised nature of the re-
ranking process. To this end, Shen et al. [14] proposed k-NN
re-ranking which automatically refines the initial rank list
using the k-nearest neighbors of the given query. Alterna-
tively, Qin et al. [28] take advantage of k-reciprocal nearest
neighbors to identify the set of relevant images for re-ranking.
However, the main limitation of this approach is how to select
the pseudo-relevant images from the initial ranked list and
how to efficiently employ these images for the re-ranking
task.

More recently, graph-based approaches for image re-
ranking are gaining increasing popularity. In graph-based
re-ranking, a similarity graph G = (V, E) is constructed

over the initial retrieval list with each node v € V corre-
sponds to an image in the data set and an edge e € E denotes
the similarity among images. The graph G is created in such a
way that visually similar images are neighbors in G and their
similarity scores are close to each other. Then, the technique
of link analysis can be employed to find out the contextual
patterns embedded in G to re-order the original retrieval list.
Jing et al. [29] applied PageRank algorithm on image sim-
ilarity graph to re-arrange the initial retrieval list. They use
the stationary probability of the random walk as an improved
similarity score for the re-ranking operation. In a similar fash-
ion, Hsu et al. [11] proposed the notion of context graph and
employed random walk along this newly formulated con-
text graph to re-rank the initial search result of large-scale
product image dataset. On the contrary, Tian et al. [13] for-
mulated re-ranking as a global optimization problem within
a Bayesian framework. That is, they modeled the re-ranking
problem from the probabilistic perspective and derived an
optimal re-ranking function based on Bayesian analysis.

On the other hand, clustering-based image re-ranking
algorithms relies on the fact that an initial retrieval list
can be further partitioned into relevant and irrelevant ones
using appropriate clustering algorithms. After this prelimi-
nary grouping, images in the cluster that are similar to the
given query are placed on top of the retrieval list to enhance
the retrieval precision. In this direction, Park et al. [10]
employed Hierarchical Agglomerative Clustering (HAC) to
analyze the initial retrieval list and the ordering of images in
individual group are adjusted in accordance with the distance
of the query image to the resulting clusters. However, the
clustering-based approaches have the following limitation:
(i) how to perform clustering in the initial ranked list and (ii)
how to rank the clusters and images within each cluster.

To overcome these limitations, several advanced strate-
gies have been proposed and the most notable among them
is image correlation-based re-ranking techniques. The tra-
ditional re-ranking methods only consider pairwise image
similarity, and they completely ignore the correlation among
images in the whole dataset. However, correlation-based
approaches aims to improve the retrieval effectiveness by
replacing the pairwise image similarity calculation using
global affinity measures which incorporate the correspon-
dence among all the images in the database. In this regard,
graph transduction [30], diffusion process [31], affinity learn-
ing [32] and context-based algorithms [15,33,34] have been
introduced. Among all these approaches, context-based re-
ranking is more prominent and it requires special attention.

While judging image similarity, context-based re-ranking
algorithms integrate various sources of supplementary infor-
mation. Initially, Pedronette and Torres [33] proposed Dis-
tance Optimization Algorithm (DOA) for image re-ranking.
It is basically an iterative clustering approach based on the
distance correlation measure. In essence, DOA exploits the
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fact that if two images are similar their distances to the rest of
the images in the dataset and the corresponding retrieval lists
when these two images supplied as query should be identi-
cal. Later on, RL-Sim algorithm is introduced by Pedronette
and Torres [15] for image re-ranking. It is basically an itera-
tive approach where the distance between images is updated
in each step based on the similarity of the retrieval lists of
the database images. More recently, Pedronette et al. [34]
developed Reciprocal K-NN Graphs Based Manifold Learn-
ing (RKNN-ML) algorithm for image re-ranking. In their
approach, the affinity between ranked lists of database images
is encoded in the form of k-reciprocal neighborhood graph
and manifold learning is further used to update the similarity
between images.

The re-ranking algorithm proposed in this paper incorpo-
rates contextual information for reordering an initial retrieval
list. The contextual information is encoded in the form of dis-
tance correlation coefficient. The correspondence between
two images is determined on the basis of their similarity
scores to the rest of the images in the database. Distance
correlation coefficient is a numerical measure to character-
ize the strength of the correspondence of similarity scores
between images. Therefore, distance correlation coefficient-
based image re-ranking scheme updates the similarity score
between images in an adaptive fashion by considering the
correlation statistics. The proposed algorithm has another
important advantage that it performs equally well in low-level
and high-level descriptor-based image retrieval systems.

2.2 Rank list fusion

The objective of rank list fusion is the aggregation of outputs
from different but complementary retrieval models to gen-
erate a more comprehensive retrieval result. In conventional
CBIR systems, the search result is generated based on the
similarity score computed from a single feature descriptor.
On the contrary, in rank list fusion, an integrated ordering of
the search results from multiple retrieval models is accom-
plished by means of a fusion algorithm. Generally, the fusion
algorithm is designed in such a way that optimizes the over-
all retrieval performance. The fusion algorithms mainly use
the following information to get a consensus ranking: (i) the
rank positions assigned to images in individual retrieval list
or (ii) the similarity scores of the database images returned
by different models.

Rank position-based fusion makes use of order informa-
tion of images from various retrieval lists to realize rank
list aggregation. Early efforts in order-based rank list fusion
completely depend on heuristic algorithms. For example, the
Borda Count (BC) method [35] in which images with the
highest rank on each retrieval list gets n votes, where n is
the size of the image collection. Each subsequent rank posi-
tion gets one vote less than the previous. The votes across
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multiple rank lists are then summed up, sorted and presented
as the final aggregated list. In contrast to this, the Recipro-
cal Rank Fusion (RRF) [9] scheme employs the mean of the
harmonic means of the ranking information across different
models to generate the final result. Nowadays, probabilistic
models on permutations, such as the Mallows model [36]
and the Plackett—Luce model [37], have been widely used to
solve the problem of order-based rank list fusion. Most of
these approaches rely on a probability distribution built over
the space of different rankings of images to get an enhanced
retrieval result. Another good practice is the use of Kemeny
Optimal Aggregation (KOA) [7] which tries to optimize
the average Kendall-Tau distance between the fused result
and the original retrieval lists. Kendall-Tau distance counts
the pairwise disagreements between two retrieval lists. In
practice, position-based rank aggregation methods are com-
putationally efficient, but retrieval precision of a desired level
is not achieved by any of these models. Therefore, we focus
on similarity score-based aggregation in this paper.
Similarity score-based fusion follows a different strategy
to combine the search results returned by different retrieval
models. An earliest attempt toward direction is the Markov
chain-based approaches. Here, images belongs to various
rank lists are represented by the nodes of a directed graph and
the transition probabilities among these nodes are defined in
terms of the relative ranking of images in various retrieval
lists. Then, a fused ranking is obtained by computing a
stationary distribution on the Markov chain. Dwork et al.
[7] proposed several Markov chain-based methods for rank
aggregation, namely, MC1, MC2, MC3, and MC4. These
methods differ from each other in the way the transition
probabilities are calculated. It should be noted that all these
models perform reasonably well for rank lists of varying size.
Later on, graph fusion techniques [26,27] have been
widely adopted for similarity score-based rank list fusion.
In graph-based fusion, the search results from individual
retrieval models are formally represented with a graphical
structure known as image graph. In general, an image graph
is a weighted undirected graph where each node represents
an image and the edges encode the similarity or affinity
between images. For each retrieval model, an image graph
centered on the query is constructed whose remaining ver-
tices correspond to the images in the retrieval list. Edges are
included in the graph based on the pairwise affinity between
images. Finally, these multiple image graphs are merged to
form a single one and an efficient ordering of the candidate
images is obtained with the use of graph-based ranking algo-
rithms. Wang et al. [26] formulated the task of rank fusion as
an optimization problem involving normalized graph Lapla-
cian regularization term. An iterative optimization procedure
known as manifold ranking is then used to estimate rele-
vance score of all the images in the dataset. Zhang et al. [27]
calculated the edge weights of image graphs by means of
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Jaccard similarity coefficient and multiple image graphs are
then fused by simply accumulating the edge weights and link
analysis is performed to get the final ordering of the candidate
images.

More recently, numerous unweighed and weighted rank
list fusion models have been introduced. For instance, Fox
and Shaw [38] introduced a family of unweighed combina-
tion strategies for rank list fusion such as CombSUM, Comb-
MIN, CombMAX, CombANZ and CombMNZ. CombSUM
arrange images based on the sum of the similarity scores
of the individual models, while CombMIN and Comb-
MAX strategies consider the maximum and minimum scores
secured by individual images for preparing the final ranking.
Conversely, the fused similarity in CombMNZ is derived as
the sum of the scores generated by individual model (i.e.,
CombSUM) multiplied by the total number of retrieval mod-
els. CombANZ is similar to CombMNZ except that, instead
of multiplying, we divide CombSUM by the total number of
retrieval models.

In contrast to the above-mentioned approaches, Jain and
Vailaya [39] introduced a weighted combination of the shape-
and color-based image descriptors for the construction of an
improved rank list. Later on, a detailed analysis of various
similarity score-based rank list fusion schemes is reported
by Depeursinge and Muller [40]. They established the fact
that if reasonable weights, for similarity scores arrived at
with different retrieval frameworks, have been obtained, then
weighted model is the best method for all situations. How-
ever, most of the existing rank list fusion algorithms give
equal weights to the similarity scores returned by the con-
stituent models. This assumption does not always hold true.
In practice, for a given query, the retrieval list generated by
a particular model is sometimes found to be superior than
the rest. In other words, the significance of each retrieval
list is query specific. Hence, it is not reasonable to equally
rate the ranking lists generated by multiple retrieval models.
Weighted adaptive fusion models, where the similarity scores
returned by different retrieval models are assigned different
weights based on the given query can somehow overcome this
issue. In this paper, we analyze the retrieval results generated
by different models in response to the submitted query to infer
reasonable fusion weights for the corresponding similarity
scores. To find a preferred solution, an optimization problem
is formulated and is resolved using a PSO-based algorithm.

3 Notations and definitions

The basic notations used throughout this paper and the for-
mal definitions of image re-ranking and rank aggregation
problems are provided in this section.

LetC = {1y, I, ..., I} be the collection of images in the
given dataset and f € R? be the feature descriptor used to

characterize individual images in C. Let S : f x f — R
denote the similarity function used to measure the corre-
spondence between images in C. Then, the similarity scores
S(1}, Ir) among all pairs of images (/;, Ix) € Cyield a simi-
larity matrix Sy x, and is finally used to generate a ranked list
of images R, in response to a given query I;. The retrieval
list R, can be viewed as a permutation of the images in the
dataset C where animage /; is placed on top of another image
Iy if and only if S(1y, I;) < Sy, Ii).

With this basic introduction, an image re-ranking proce-
dure can be formally defined as a function ¥ (-) that accepts
as input the initial similarity matrix Sipj of the retrieval model
under consideration and provides a more reasonable similar-
ity matrix Spey as follows:

Shew = lIl(Sinit) (])

A refined retrieval list is then obtained with this new sim-
ilarity matrix Spew. In practice, the re-ranking function ¥ (-)
exploits certain auxiliary information along with the initial
similarity matrix Sjp;; to infer a more effective similarity
matrix Spew-

Let F = {fi, f2,..., fm} be the set of m image
descriptors for the given image collection C and 2 =
{S1, S2, ..., S} be the corresponding similarity matrices,
then for a given query I,, a rank aggregation function & (-)
unifies these similarity matrices to form an aggregated simi-
larity matrix Sy, as stated below:

Sage = P (82) (2)

The aggregation function @(-) is defined as @ : S| x
S2 X -+ Su — Sagg Where Sy is the unified similarity
matrix of the dataset C for the given query /,. Finally, the
retrieval system returns a better search result on the basis of
the aggregated similarity matrix Syg,.

4 Distance correlation coefficient-based image
re-ranking

The proposed image re-ranking scheme relies on the fact that
retrieval effectiveness of CBIR systems can be considerably
enhanced by exploiting the contextual information hidden in
the similarity matrix. In general, to compute the similarity
scores among images, only pairwise analysis is performed
and in most cases the relationship among all the images in the
database is completely ignored. The distance optimization
algorithm (DOA) proposed by Pedronette and Torres [33]
update the distance between images based on the correlation
of the similarity scores of their nearest neighbors. In practice,
DOA updates the similarity scores among images based on
the correspondence of their ranked lists. For this, an iterative
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Algorithm 1 Distance correlation coefficient-based image
re-ranking scheme

Input: The query image I, the initial retrieval list R, and the corre-
sponding similarity matrix S;,;;, cluster size K

L: Initialize Py = [I;]; P> = [¢]; Cly = [¢]; Clr = [¢]; Cl3 = [$];
2: forall I; € C do

3: if dCor(ly, 1y) > 6 then
4: Py =[P | 14]

5:  else

6: P, =[P | 14]

7.  endif

8: end for

9: forall I, € R; do

10: if I, € P; then

11: Cly=[Cl | I]

12: elseif (I, € P,) AND (r < K) then
13: Cly =[Cly | I]

14:  else

15: Cly =[Cl3| I)]
16:  end if

17: end for

18: for all (I}, Iy) € Cl; do

19: Spew(j, It) =dCor(Ij, I) * Sinis (1, Ix)

20: end for

21: for all (I;, Iy) € Cl do

20 Suewlj 10 = (14 gy ) * Sinie (1 1)
23: end for

24: for all (I}, Iy) € Cl3 do

250 Suew (i 1) = gegrrpy * Sinie (L 1)

26: end for

27: return Syew

clustering approach is employed where the correspondence
of retrieval lists is measured in terms of Pearson’s correlation
coefficient.

The proposed image re-ranking scheme is inspired from
DOA with the following modifications. Primarily, the cor-
respondence of the similarity score distribution of any two
images is measured in terms of the distance correlation
coefficient. Secondly and most importantly, it requires one
pass clustering rather than multiple iterations to update the
similarity scores. The update operation is performed in an
adaptive manner using the distance correlation coefficient.

The proposed image re-ranking scheme involves two clus-
tering steps and a query-dependent update procedure for
modifying the similarity score as depicted in Algorithm 1.
The first clustering step is single pass in nature, and it splits
the database images into two disjoint partitions (steps 1, 2 of
Algorithm 1). For this, distance correlation-based statistics
is employed. The set of images that are more similar to the
given query are placed into the first partition and the rest of
the images are placed into the second partition. The second
clustering step is also a one-pass approach, and it groups the
images in the retrieval list into three clusters based on the
partitions created in the previous step (steps 1, 2 of Algo-
rithm 1). Then, update rules are defined for improving the
similarity score and hence to perform the re-ranking opera-
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tion (steps 1, 2 of Algorithm 1). In summary, the proposed
image re-ranking scheme involves the following steps:

1. Partitioning the database images into two disjoint subsets.
2. Adaptively updating the similarity score.

Before explaining these two steps in detail, we introduce
the notion of distance correlation coefficient in the coming
section.

4.1 Distance correlation coefficient

The proposed distance correlation coefficient-based image
re-ranking scheme is fully dependent on the distribution of
similarity scores of images. Consider two reference images
I}, I and a two-dimensional plane where the X -axis denotes
the similarity score of database images with respect to /; and
the Y-axis denotes the similarity score of database images
with respect to Ix. Then, the position of a database image
I; € Conthe X — Y plane is defined by an ordered pair
(8Uj, 1g), SUk, 14)) where S(I}, 1) and S(Iy, 1;) repre-
sents the similarity of 7; with regard to the reference images
I and Iy.

Figure 1 depicts the similarity score distribution of INRTA
Holiday dataset [41] with respect to two randomly selected
images that are close to each other. The similarity between
images is estimated using Steerable Pyramid based Texture
Feature (SPTF) [42]. From this example, it is well understood
that the similarity score distribution of two similar images is
linear in nature. In other words, if the reference images are
identical, then they have equal distances to the rest of the
database images. In a similar fashion, Fig. 2 depicts the sim-
ilarity score distribution of two reference images that are not
identical. The similarity between images is again estimated
on the basis of SPTF [42], and it can be inferred that the sim-
ilarity score distribution of the reference images is nonlinear
when they are dissimilar.

This paper aims to incorporate the above-mentioned
image similarity distribution in the re-ranking process. In
order to mathematically characterize the functional rela-
tionship of the similarity score vectors of two images, we
implement arelatively new statistical measure called distance
correlation coefficient (dCor) [43]. The name distance corre-
lation comes from the fact that it uses the distances between
observations as part of its calculation. Let Z/ and Z* denotes
the similarity matrices S7; and Sy, of the two images /; and
I in vector form, then the distance correlation coefficient
(dCor) is formally defined as:

dCov?(Z7, Z¥)
dCov2(Zi, ZJ) dCov%(Zk, Z¥)

dCor(z/, ZF) = \/ 3

where dCov2(Z/, Z¥) is the distance covariance and is
expressed as:
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Fig. 1 Similarity score
distribution of INRIA Holiday
data set [41] with respect to two
similar images

Fig. 2 Similarity score
distribution of INRIA Holiday
data set [41] with respect to two
dissimilar images
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Distance correlation coefficient always takes value in the
range [0,1] and dCor = 0 only if Z/ , Z* are independent
and dCor = 1 when Z/ , Z* are identical. With this basic
introduction to distance correlation coefficient, the rest of
this section explains the major steps involved in the proposed
image re-ranking scheme.

4.2 Partitioning the database images into two disjoint
subsets

Let I, be the submitted query and C be the given image col-
lection then, the first step of the proposed image re-ranking
algorithm partitions C into two disjoint subsets in accordance
with the distance correlation coefficient calculated between
the query and all the images in the collection. Once the dis-
tance correlation coefficient dCorr(/,, 1) between the query
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Distance from image i

(¢) Similarity score distribution

I, and an image I; € C is calculated, a membership assign-
ment function of the following form is defined

1, ifdCor(Iy, 1z) >0
0, otherwise

nly, la) = &)

where 6 denotes a threshold value and is to be tuned accord-
ing to the dataset under evaluation. Based on the value of
the membership assignment function, the initial retrieval list
is partitioned into two disjoint subsets P; and P, as fol-
lows:

1. if n(dy, 15) ==1, then assign I to the first partition Py
2. if n(ly, 15) ==0, then assign I to the second partition
P.

Thus, the images assigned to partition Pj are highly cor-
related with the given query /, and those placed in P, are
likely to be less correlated with 1.
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4.3 Adaptively updating the similarity score

In this step, the information obtained from the previously cre-
ated image partitions together with the correlation statistics
are efficiently utilized to update the initial similarity scores
among images. Let R, be the retrieval list generated by the
given query I, and I, € R, then the update operation is
performed by assigning the images present in R, to three
clusters as follows:

1. Animage I, € Ry is placed in cluster C/; if I, belongs
to the partition P;.

2. Animage I, € Ry is placed in cluster Cl if I, € P
and the index of /, in the original retrieval list R, is such
that r < K, where K is a user defined constant and it
determines the size of the cluster Cl5.

3. Animage I, € Ry is placed in cluster Cl3 if I, ¢ Cl4
and I ¢ Cl.

Next, three different update rules are defined to improve
the similarity scores of images belonging to clusters Clq, Cl»
and Cl3. Let Sinic({;, Ix) be the initial similarity score
between the image pairs (/ i 1), then for each cluster an
updated similarity score Snew(/;, I) is calculated by the fol-
lowing rules:

1. If (I;. Iy) € Cly, then Spew(Ij, I) = dCor(I;, Iy)
Sinit (L7, 1)

2. I (I}, It) € Cly,then Spey (I}, I) = (1+m)*
Sinit (17, 1)

3. If I, Ix) € Cl3, then Spew(Ij, Ix) =
Sinit (1, Ix)

|
aCor(l;, Iy ¥

Thus, the initial similarity scores are updated in an adap-
tive manner based on the distance correlation coefficient.
When the image pairs under examination (/;, Ix) belongs
to cluster Clq, then they are closer to the given query and
the similarity score modification involves decreasing their
pairwise distances. Therefore, an updated version of the sim-
ilarity score is obtained by multiplying the original score
with a value equal to dCor(/}, I). As already mentioned the
values of dCor(/}, Iy) ranges in (0, 1], the distances among
similar images are considerably declined. On the contrary,
when the image pair belongs to Clp, then their similarity
to the given query is uncertain and the value of the mul-
tiplication constant is then adaptively determined based on
the distance correlation coefficient. In this case, the value of
the multiplication constant is set to 1 + (l—dColw and
it always yields a weight greater than 1. All the remaining
image pairs are considered to be dissimilar to the given query,
and in this case the original similarity scores are multiplied
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by a factor At the end, images in the dataset are

1
dCor (I, 1) *
re-ordered based on the updated similarity scores.

S The proposed rank list fusion scheme

As mentioned earlier, each image representation scheme
along with its distance measure might be complementary
in nature and will have its own merits and demerits. There-
fore, fusing the retrieval lists generated by these independent
and heterogeneous models is expected to yield a better result
than each of the strategies in isolation. This motivates us to
develop new methods for fusing the search results generated
by multiple retrieval models for a better retrieval precision.

Even though several approaches to enhance image retrieval
performance based on similarity score fusion have been
reported, most of them utilize a query independent fusion
scheme. That is, a learned model is directly applied to the
retrieval lists generated by multiple models by ignoring the
fact that only a few feature descriptors will have a significant
impact on the final retrieval result. In other words, the sim-
ilarity scores returned by all the feature descriptors are not
equally important and its significance varies according to the
given query. To overcome this limitation, this paper proposes
a novel rank list fusion scheme which learns optimal fusion
weights for the similarity scores generated by different fea-
ture descriptors based on the given query. With the proposed
scheme, the aggregated similarity score Sygg(ly, 14) corre-
sponding to the given query I, and a database image 1; is
calculated as:

n
2w SsUg, la)
D
Sage(Iq. 1g) = ——F—— (0)
-21 wy;
1=

where S, (1, 15) is the similarity score returned by the i-th
feature vector f; and w, is the weight corresponding to the
similarity score SS, (I, I7). Since the effectiveness of rank
list fusion fully depends on the choice of n -dimensional
fusion weight vector W = [wy, wp, ..., wy,], a better
retrieval list is realized by finding optimal values to fusion
weights w 1. An optimization problem is formulated to infer
the optimal fusion weights in accordance with the submitted
query and the next section elaborates how the task of find-
ing query adaptive fusion weights can be formulated as an
optimization problem.

5.1 Problem definition
For a given query, the major concern while performing

rank list fusion is the assignment of reasonable weights to
the similarity scores returned by various feature descrip-
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tors. This section provides the formal definition of the
objective function to be optimized by the rank list fusion
scheme to infer query-dependent fusion weights w,. Let L=
(L', L?, ..., L'} be the set of aggregated retrieval lists cor-
responding to ¢ different values of the fusion weight vector
{Wl, w2, ..., W'}, For the sake of simplicity, let us con-
sider the top K images from each of the n fused retrieval list
for evaluation. This results a total of # x K retrieved images
corresponding to ¢ different fusion weight vectors. Then, the
quality of each of these fused retrieval list is judged in terms
of the membership degree of its top k images in the rest of the
(t — 1) retrieval lists. This can be mathematically formulated
as follows.

Lets ; y be an indicator function which denote whether the
p-thimage (where p < K) [ 1’7 of the i-th aggregated retrieval
list L is also present within the top-K position of the j-th
aggregated list L/. That is,

1, if
0, if

I;ELJ'

: (7)
I, ¢ L

i
(Spj_

Then, the sum of the membership degree of the p-th image
(where p < K) I ; of L' across all the retrieval list L is given
by:

t
M, =3 8, ®)
j=1

For all the images within the top K position of the i-
th retrieval list L', the overall membership degree is then
defined as:

K
M = Z M Q)
g=1

Finally, the normalized version of the overall membership
degree of the aggregated retrieval list L' is calculated as:

Mi

=
r=1

(10)

Therefore, the optimal fusion weights with respect to the
given query I, is the one that maximizes the normalized
membership degree of the set of all aggregated retrieval lists
considered for evaluation and is mathematically defined as:

Mi

=
r=1

maximize Viel,2,...,t (11)

As the value of H' is high, the images in the fused retrieval
list L’ occupies a greater proportion of all the 7 x K images

considered for evaluation. Hence, the retrieval list L’ is con-
sidered as the most prominent as compared to the rest of the
(t — 1) lists in the set L and the corresponding weight vector
W' is regarded as the optimal fusion weights for the given

query.
5.2 PSO-based rank list fusion algorithm

In this paper, the task of finding weight values corresponding
to the similarity scores returned by different image descrip-
tors is formulated as a numerical optimization problem. Over
the years, various approaches have been proposed to solve
a wide range of numerical optimization problems and it is
required most of the classical optimization techniques to
comply with the structure of the objective function intended
to be solved. In practice, if the derivative of the objective
function with respect to the variable to be optimized cannot
be calculated as in the case of Eq. (11), then it gets dif-
ficult to find an optimal solution by means of the classical
approaches. In such situations, it is a common practice to
use metaheuristic algorithms. The most widely used meta-
heuristic algorithms in scientific applications are: Genetic
Algorithm (GA)[44], Particle Swarm Optimization algo-
rithm (PSO)[45], Differential Evolution (DE) [46], Artificial
Bee Colony (ABC) algorithm [47] and Cuckoo Search Algo-
rithm (CSA) [48].

More recently, Wahab et al. [49] provided a comprehen-
sive evaluation of the performance of various meta heuristic
algorithms in solving a set of thirty benchmark functions.
In their experiments, the benchmark selected for evalua-
tion differs in their characteristics and it includes unimodal,
multimodal, separable and inseparable functions. The evalua-
tion results thus obtained clearly indicated the superiority of
PSO in solving optimization problems involving unimodal
functions. It has been observed that PSO outperformed or
performed equally to the best algorithm in eleven out of the
twelve unimodal functions selected as benchmark. These
results prompted us to choose PSO for inferring optimal
fusion weights that efficiently combine the similarity scores
returned by multiple image descriptors. To keep things sim-
ple, a brief overview of Particle Swarm Optimization (PSO)
is provided in the next section and then the proposed rank
list fusion framework based on PSO is discussed.

5.2.1 Overview of PSO

Particle Swarm Optimization (PSO) is a population-based
stochastic optimization technique developed by Kennedy et
al. [45] and is motivated by the social behavior perceived in
flocks of birds and schools of fish. In bird flocking or fish
schooling, there exist a leader to direct the group forward
and all the other members of the group will follow the leader.
In other words, individuals in the group exchange previous
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experience and accordingly adjust their position so that they
can move toward the objective. The same concept is adopted
by PSO while searching an optimal solution for a given opti-
mization problem.

In PSO, there exist a population (or swarm) of potential
solutions (or particles) to the problem under consideration
and in successive iterations each particle in the swarm moves
in a multi-dimensional solution space in search for a global
optimum. The movement of the swarm in the solution space
is mainly governed by two factors namely the past experi-
ence of individual particles and the knowledge gained from
the current best particle of the entire swarm. All the parti-
cles inside the swarm are evaluated based on their fitness.
A fitness function of the form f : R” — R is defined for
this purpose. In fact, the fitness function accepts a particle as
input in the form of a vector of real numbers and yields a real
number as output which specifies the fitness of the particle
considered for evaluation. The basic steps involved in PSO
can be summarized as follows:

1. Swarm initialization as the first step, an initial swarm of
particles is created in the solution space. In general, the
nature of the optimization problem decides the number
of particles in the swarm. Each particle i will have a
position p; € R" and a velocity v; € R" in the search
space. In general, the position p; of the i-th particle is
initialized with a uniformly distributed random vector,
ie., pi ~ U(sio, Sup), Where s, and syp are the lower
and upper boundaries of the search space. Similarly, the
velocity of the i-th particle is initialized as v; ~ U(— |
Sup — Slo [ | Sup — Slo D.

2. Iteratively update the swarm in every iteration, each par-
ticle is updated based on its best-known position in the
search space as well as the entire swarm’s best-known
position. The former is known as previous best position
(pBest) and the later is termed as global best position
(gBest). That is, each particle communicates with its
neighbors about its position, memorizes its best position
so far and also knows the position of the highest per-
forming neighbor. Once p Best and g Best are obtained,
a particle updates its velocity and position as follows:

pIFD — vl.(t) 4+ C1 % Ry * (pBest — pf”)

1

+Cy % Ry % (gBest — pf’)) (12)

plgt—&-l) _ pi(t) + Ui(t+1) (13)

where Cj is the cognition parameter and C» is the social
parameter which serves as acceleration coefficients that
are conventionally set to a fixed value between 0 and 2.
R1 and R; are random numbers within the range (0, 1).

vl.(’) and vl.(tH) represents the velocity of the particle i
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at iteration ¢ and ¢ + 1. Similarly, pi(') and pl.(l“) cor-

responds to the position of the particle at iteration ¢ and
t + 1. Besides this, the fitness value of all particles are
calculated in each iteration and the values of p Best and
gBest are then updated if particles with better position
or global best position is obtained.

3. Termination steps (2) is repeated iteratively until an
adequate fitness is reached or a maximum number of iter-
ations is performed. A predefined error value is initially
provided to check whether an adequate fitness is attained
or not. To do so, the difference in fitness function values
of successive iterations is calculated and if it is found to
be less than or equal to the given error, then the entire
procedure is terminated with the value of g Best as the
optimal solution.

The pseudo-code for the above procedure is depicted in
Algorithm 2.

Algorithm 2 Particle swarm optimization

Input: Upper and lower bound of the solution space. N- the number of
particles in the swarm, Cy, C»

1: Initialize the position and velocity of each particle in the swarm.
2: Initialize p Best and g Best values.
3: repeat
4:  for each particle do
5 Calculate the fitness value of the particle
6: if the fitness value of the particle is better than the fitness of
pBest then
set the current position of the particle as its new pBest
end if
end for
gBset <— among all the particles in the swarm, select the one with
highest fitness value
11:  for each particle do
12: Update the velocity of the particle according to Eq. 12
13: Update the position of the particle according to Eq. 13
14:  end for
15: until minimum error criteria is satisfied or maximum iterations is
reached

vl

S

5.2.2 Swarm initialization

To perform PSO-based rank list fusion, we initially need to
draw a set of N particles from an n -dimensional search space
of fusion weights. In PSO-based optimization, the final solu-
tion greatly depends on the number of particles, their initial
position and velocity. In this paper, the number of particles
in the population N is set to a reasonably large value with the
aim of deriving optimal fusion weights quickly. To initialize
the position of individual particles in the swarm, the solution
space is originally divided into N equal regions. Then, the
centroids of each such region are taken as the starting position
of individual particles. The velocity of each particle is ini-
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tialized as a uniformly distributed random vector in the range
[—ISup = S10l, [Sup — S101], Where 514 and sy, are the lower and
upper bounds of the solution space. The best-known positions
(pBest) of individual particles are initialized with the values
of their starting position. From these values of pBsest, the
best candidate is chosen and assigned as the value of global
best position (g Best).

5.2.3 Optimal weight finding

Algorithm 3 depicts the proposed PSO-based rank list fusion
scheme for finding optimal fusion weights. It is basically an
iterative procedure and works by simultaneously preserving
many particles in the search space. At first, the velocity and
position of individual particles in the swarm as well as p Best
and gBest are initialized as per the procedure described in

Algorithm 3 PSO-based rank list fusion scheme

Input: (s, s,p) - lower and upper boundaries of the solution space. N-
the number of particles in the swarm, acceleration coefficients C and
(3, the fitness function f(.) to be optimized, difference in cost function
values in successive iteration €, the maximum number of iterations 7.

1: Initialize t=1;
2: Divide the solution space (s;o, 5up) into N equal regions and initial-
ize the position of each particle with the centroid of these regions.

3: Initialize the global best position of the entire swarm as gBest <«
U (s, 5up)~

4: for each particle i € {1,2,--- , N} do

5:  [Initialize the velocity vi(t> of the particle i

6: U,'(t) ~ U(_lsup — Siol, |Sup = Siol)

7:  Initialize the best-known position p Best of particle i
8:  pBest; < pi

9: if (f(pBest;) > f(gBest) then

10: gBest < pBest;

11:  endif

12: end for

13: repeat

14:  for each particlei € {1,2,---, N} do

15: select random numbers Ry ~ U (0, 1) and R, ~ U (0, 1)

16: pUtD = Uft) +C1*Ry*(pBest — plm) +Cox Ry *(gBest —

Pi
17: ;r+1) _ pi(r) i vi(r+1)
18:  if f(p'"") > f(pBest;) then
19: Update the particle’s best-known position
20: pBest; < pl.(H'l)
21: end if
22: if f(pBest;) > f(gBest) then
23: Update global best position of the entire swarm: gBest <«
pBest;
24: end if
25:  end for
26:  if (f©(gBest) — f¢~D(gBest) < ¢€) then
27: break;
28:  end if
29: t=t+1;
30: untilt==T

31: return g Best

Sect. 5.2.2 (step 2—7 of Algorithm 3). In successive iteration,
each particle is evaluated by means of the fitness function
specified in Eq. (11). Once the fitness of each particle in the
swarm is obtained, its position and velocity are updated (step
9-19 of Algorithm 3). The entire procedure is repeated until
a particular number of iteration is reached with the hope that
a satisfactory solution will eventually be discovered. Once
the specified number of iteration is finished, the particle i
corresponding to maximum normalized overall membership
value H' is taken as the optimal fusion weights and the fused
similarity score with these weights are taken as the ultimate
retrieval result.

6 Combining re-ranking and rank aggregation
methods for effective image retrieval

This section explores the feasibility of integrating re-ranking
and rank aggregation methods to further improve the retrieval
precision of CBIR systems. In the past, a lot of efforts have
been made to devise more effective algorithms for image
re-ranking and rank aggregation. However, none of them
attempts to combine the advantages of these two approaches
for better retrieval effectiveness. To this end, we formulate
a novel image retrieval framework in which the proposed
re-ranking and rank aggregation algorithms are efficiently
integrated to yield better retrieval results.

In the proposed framework, the PSO-based rank list fusion
scheme is used to combine the re-ranking results obtained
with multiple image descriptors to form a single and more
effective similarity matrix Sopt. The combination approach
is formally defined as:

Sopt = P (W (S1), ¥(82), ..., ¥ (Sn) (14)

where Si, S2...,S,, respectively, denotes the similarity
matrices corresponding to n different types of image descrip-
tors.

7 Performance evaluation and discussion

This section evaluates the retrieval efficiency of the pro-
posed re-ranking and rank aggregation approaches and
provides empirical evidences to demonstrate their superior
performance over the traditional approaches. Moreover, the
integration of the proposed re-ranking and rank aggregation
strategies for the task of image retrieval is also evaluated.
The rest of this section is organized as follows. A detailed
description of the datasets used for evaluation is provided
in Sect. 7.1. The quantitative indices used to measure the
retrieval accuracy are described in Sect. 7.2. In Sect. 7.3,
a brief description of the feature descriptors used in image
retrieval experiments are provided. The experimental set-up
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for evaluating the efficiency of the proposed re-ranking and
rank aggregation schemes is outlined in Sect. 7.4. A com-
prehensive evaluation of the proposed re-ranking scheme is
presented in Sect. 7.5. Section 7.6 validates the effectiveness
of the proposed rank list fusion algorithm. The details of the
statistical significance test conducted to assess the relevance
of the proposed re-ranking and rank aggregation strategies is
summarized in Sect. 7.7. Finally, the experimental analysis of
the combination strategy for image retrieval is summarized
in Sect. 7.8.

7.1 Description of the dataset

Four different datasets with contrasting properties are consid-
ered for evaluating the efficiency of the proposed dictionary
learning scheme and the resulting image retrieval framework.
The details of these four image collections are summarized
below.

INRIA Holiday dataset [41] It involves 1491 high reso-
lution images of different locations across the globe. The
image collection is basically a mixture of natural scenes and
man-made objects. Five hundred images in the collection are
designated as queries and a predefined retrieval list is pro-
vided for each of these queries. An important characteristics
of this dataset is that the images possesses high intra-
class variance within each semantic concept. This property
motivates us to select INRIA Holiday dataset as a bench-
mark to compare the efficiency of various image retrieval
models.

Table 1 Summary of various image descriptors used for evaluation

Scene 15 dataset [63] This is mainly a collection of 4485
images grouped into 15 categories. The number of images
per category varies from 210 to 410 and all the images
have a fixed size of 300 x 250 pixels. There are mainly
indoor and outdoor images in the collection. These images
can be grouped into the following categories: bedroom (216
images), tall building (356 images), coast (360 images), city
centere (308 images), forest (328 images), highway (260
images) industrial (311 images), kitchen (210 images), liv-
ing room (289 images), mountain (374 images), office (215
images), open country (410 images), store (315 images),
street (292 images), suburb residences (241 images). This
image collection serves as a good choice for evaluating the
retrieval effectiveness of the proposed image re-ranking and
rank list fusion schemes because it contains images with the
same semantic concepts appearing in different contexts.

Oxford dataset [64] There are 5,062 building images of 11
various Oxford landmarks in this collection. Oxford dataset is
widely acknowledged for its complexity to distinguish iden-
tical building facades from one another. Five images from
each of the 11 landmarks are reserved as query and their cor-
responding retrieval lists are also provided as ground truth
data. Thus, there are 55 queries to evaluate the proposed
retrieval model. This dataset exhibits notable diversity among
building images with variable appearances, positions, light-
ing conditions and view points. Hence, searching for similar
images in response to a given query is highly challenging in
this dataset.

Corel 10K dataset [65] There are 10000 images in Corel
10K dataset which spread over 100 concepts classes such

Descriptor type Name of the descriptor Acronym Similarity measure used
Color Weighted dominant color descriptor [50] WDCD DC-based similarity measure
Compact color descriptor [51] CCD Color matching palette
Pseudo-Zernike chromaticity distribution PZCDM Euclidean distance
moment [42]
Texture Steerable pyramid based texture feature SPTF Euclidean distance
[42]
Directional local extrema pattern [52] DLEP Canberra distance
Local tetra patterns [53] LTrP d distance
Shape Angular radial transformation descriptor ARTD Euclidean distance
[54]
Generic Fourier descriptor [55] GFD Euclidean distance
Curvature based Fourier descriptor [56] CBFD Euclidean distance
High-level descriptor Bag-of-visual-words [57] BoVW HI-Kernel
Vector of locally aggregated descriptor [58] VLAD Euclidean distance
Object bank [59] OB L -distance
Sparse coding based Fisher vector coding SCFVC Euclidean distance
[60]
SParse output coding [61] SPoC Euclidean distance
Sparse-NMF [62] o - NMF L -distance
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Fig. 3 Average retrieval rates obtained for various combinations of the parameters K and 6 of the proposed image re-ranking scheme. a INRIA

Holiday dataset. b Scene-15 dataset. ¢ Oxford dataset. d Corel 10K dataset

as beach, flower, mountains, sunset etc. Each category con-
tains 100 color images in JPEG format with a resolution of
either 192 x 128 or 128 x 192. A retrieved image is said
to be relevant if and only if it is from the same category as
that of the query. That is, any image selected from a test
collection to act as a query will have exactly 99 relevant
images in the collection. This dataset is quite challenging
as it includes highly varying scene categories. As an exam-
ple, images depicting the changes in color composition of
“sky” viewed at regular time intervals during the day time
is included in the dataset. Moreover, this dataset is enriched
with sufficient number of images covering a diverse number
of semantic concepts.

7.2 Evaluation metric

An image retrieval system generates a ranked list of images
belonging to a particular dataset in response to a submitted
query. The rank of an image is determined by its relevance
to the query at hand. To be able to compare various image
retrieval models, first a set of performance measures are to be
identified. When the ground truth of the dataset is available,
the system’s performance is generally measured in terms of
quantitative metrics such as precision and recall. The preci-
sion of a retrieval system measures the percentage of relevant
images in the ranked retrieval list and the recall denotes the
percentage of relevant images retrieved by the system. These
two metrics are defined as follows:
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Table 2 continued

Avg R-precision

P@20

Descriptor name MAP

Descriptor type

Gain Before After Gain
(%) (%)

After

Before

Gain
(%)

After

Before

re-ranking

re-ranking

re-ranking

re-ranking

re-ranking

re-ranking

Corel-10K dataset

28.18

0.4071
0.4783
0.5128
0.3975
0.5236
0.5793
0.4172
0.4547
0.4579

0.3176
0.3524
0.3916
0.3025
0.4182
0.4302
0.2957
0.3352
0.3428

27.79

0.4234
0.4868
0.5327
0.3972
0.5689
0.5679
0.4281
0.4717
0.4857

0.3313
0.3794
0.4122
0.3142
0.4363
0.4482
0.3014
0.3461
0.3688

25.76

0.3959
0.4777
0.5212
0.3884
0.5337
0.5667
0.4089
0.4581
0.4751

0.3148
0.3696
0.3909
0.2957
0.4118

CCD

Color

35.72
30.94
31.40
25.20

34.65

28.30

29.24
33.33

WDCD

29.23

PZCDM
DLEP
LTrP

26.41

31.34
29.60

29.70

Texture

30.39

26.70
42.03

0.4369
0.2869
0.3210
0.3554

SPTF
ARTD
GFD

41.08
35.65
33.57

42.52

Shape

36.29
31.69

42.71

33.68

CBFD

. Number of relevant images retrieved
Precision = - - (15)
Total number of images retrieved

Number of relevant images retrieved
Recall = : : (16)
Total number of relevant images in the set

Precision and recall do not take into account the order in
which relevant images appear in the ranked retrieval list.
When two retrieval systems have the same precision and
recall values, the system that ranks relevant images higher is
mostly preferred. In order to solve this issue, measures like
Precision at k (P@k) and R-precision are introduced. P@k is
the value of precision calculated using the first kK documents
in the retrieval list. Similarly, R-precision for a given query
is defined to be the precision after retrieving R images from
the image data base and is expressed as:

R
.. 1 .
R — Precision = — 2 Rel(j) (17)
j:

where R is the total number of relevant images in the database
for the given query and Rel(j) is an indicator function which
returns the value 1 when the image present at the j-th location
of the retrieval list is relevant with respect to the given query.

Moreover, precision can be expressed as a function of
recall . The interpolated precision recall graph plots preci-
sion as a function of recall and can be used to assess the
overall performance of the retrieval framework. The inter-
polated precision pin at a recall level r; is calculated as the
largest observed precision for any recall value r between r;
and riy1:

P (ri) = max Precision(r) (18)

Ii SP=rit1
An alternative single valued evaluation metric is the mean
average precision (MAP) and is defined as:

L
Q]

Mean Average Precision (mAP) =

Y AP(g) (19
qeQ

where | Q | denotes the number of images in the query set
Q, AP(q) is the average precision for a given query g € Q
and is defined as the ratio of the sum of precision values from
rank positions where a relevant image is found in the retrieval
result to the total number of relevant images in the database.

One last metric is the Average Retrieval Rate (ARR) and
is defined as:

No
1
Average Retrieval Rate (ARR) = No E RR(q) (20)
g=1

where N represents the number of queries used for eval-
uating the retrieval system. RR(g) is the retrieval rate for a
single query g and is calculated as:
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Table 3 Re-ranking results of the proposed scheme for high-level descriptors

Descriptor name MAP P@20 Avg R-Precision
Before After Gain Before After Gain Before After Gain
re-ranking re-ranking (%) re-ranking re-ranking (%) re-ranking re-ranking (%)
INRIA Holiday dataset
BoVW 0.5278 0.6343 20.17 0.5564 0.6643 19.39 0.5132 0.6363 23.98
VLAD 0.5543 0.6781 2233 0.5894 0.6986 18.52 0.5398 0.6629 22.80
OB 0.5732 0.6873 19.90 0.5961 0.7059 18.41 0.5679 0.6761 19.05
SCFVC 0.6081 0.7153 17.62 0.6153 0.7349 19.43 0.5811 0.7227 24.36
SPoC 0.6314 0.7436 17.77 0.6541 0.7951 21.55 0.6321 0.7775 23.00
£o-NMF 0.6480 0.7719 19.12 0.6603 0.8068 22.18 0.6551 0.7961 21.52
Scene-15 dataset
BoVW 0.5169 0.6437 24.53 0.5368 0.6583 22.63 0.5128 0.6349 23.81
VLAD 0.5371 0.6473 20.51 0.5529 0.6774 22.51 0.5281 0.6477 22.64
OB 0.5544 0.6727 21.33 0.5681 0.6828 20.19 0.5463 0.6628 21.32
SCFVC 0.5736 0.7065 23.16 0.5919 0.7266 24.86 0.5782 0.7082 22.48
SPoC 0.6172 0.7383 19.62 0.6277 0.7576 20.69 0.6057 0.7384 21.90
£o-NMF 0.6430 0.7662 19.16 0.6676 0.7948 19.05 0.6442 0.7641 18.61
Oxford dataset
BoVW 0.5015 0.6181 23.25 0.5161 0.6262 21.33 0.4959 0.6039 21.77
VLAD 0.5179 0.6228 20.25 0.5286 0.6336 19.86 0.5066 0.6382 25.97
OB 0.5271 0.6363 20.71 0.5393 0.6548 21.41 0.5141 0.6472 25.88
SCFVC 0.5422 0.6667 22.96 0.5514 0.6885 24.86 0.5017 0.6337 26.31
SPoC 0.5639 0.6883 22.06 0.5778 0.7081 22.55 0.5497 0.6771 23.17
£o-NMF 0.5930 0.7275 22.68 0.6069 0.7447 22.70 0.5889 0.7219 22.58
Corel-10K dataset
BoVW 0.5273 0.6458 22.47 0.5474 0.6563 1.89 0.5161 0.6269 21.46
VLAD 0.5484 0.6645 21.17 0.5693 0.6874 20.74 0.5410 0.6582 21.66
OB 0.5684 0.6881 21.05 0.5747 0.6907 20.18 0.5520 0.6759 22.44
SCFVC 0.5872 0.7129 21.40 0.5973 0.7258 21.51 0.6027 0.7269 20.60
SPoC 0.6074 0.7362 21.20 0.6227 0.7574 21.63 0.6094 0.7328 20.24
£o-NMF 0.6279 0.7717 22.90 0.6373 0.7718 21.10 0.6116 0.7539 23.26
RR(q) = Ne(e. q) (21)  Relative Gain = Da — 7% (22)
NG (q) r'Sh

where Ng(q) is the number of ground truth images of a
query q and N («, g) indicates the number of relevant images
found in the first « X N (g) images. The value of « should be
greater than or equal to 1. Selecting larger « values would be
less discriminative between very good retrieval results and
those results that are not so good ones. Therefore, this work
set the value of v as 1.5.

In addition to this standard measures, the effectiveness of
image re-ranking algorithms is evaluated by means of relative
gain. Let rs;, be the value of the retrieval score before the use
of the re-ranking or rank aggregation algorithm and let rs, be
the value after applying the proposed scheme, then relative
gain is computed as follows:

@ Springer

7.3 Image descriptors used for retrieval experiments

CBIR systems perform image retrieval on the basis of fea-
ture vectors automatically extracted from image pixels. In
general, feature vectors are meaningful abstraction of image
data and it usually encode the visual contents of images in
a compact fashion. The visual contents of images can be
either low-level or high-level (semantic). In general, the most
effective low-level features used for representing the visual
contents of images are color, texture and shape. On the other
hand, the high-level content is the actual meaning captured
by humans when they look at the images. Thus, the feature
vector must encode the visual properties of an image in such
a way that allows it to be compared and matched with other
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Fig. 4 Retrieval performance of the proposed image re-ranking scheme based on 11-point interpolated average precision. a INRIA Holiday dataset.

b Scene-15 dataset. ¢ Oxford data set. d Corel 10K dataset

images in the collection to find a perfect match. Distance
functions are the most simple and the widely used metric to
judge the similarity among feature vectors. By using distance
functions, the retrieval system generates an ordered retrieval
list in increasing order of the distance calculated among the
feature vectors derived from database images and the given
query image.

However, deriving a universal descriptor that gives high
retrieval precision for all sorts of datasets is still an open
problem in image retrieval domain. Each of the descrip-
tor, whether it is low-level or high-level, has its own merit
and demerit. Moreover, those descriptors that belongs to
the same category are always complementary in nature.
In this paper, we make use of low-level as well as high-
level descriptors to assess the effectiveness of the proposed

post-retrieval optimization framework. Therefore, a set of
representative candidates that provides state-of-the-art per-
formance in image retrieval have been selected from each
of the above-mentioned descriptor categories to evaluate the
proposed image re-ranking and rank aggregation schemes.
The set of all image descriptors selected for evaluation
together with the corresponding similarity measures used in
the retrieval experiments are summarized in Table 1.

7.4 Experimental protocol

The retrieval experiments using high-level descriptors are
carried out using tenfold cross validation. To do so, images
inthe database are arbitrarily splitinto ten folds roughly of the
same size. In each experiment, nine image subsets are used

@ Springer



Int J Data Sci Anal (2017) 4:53-81

70

$22S°0 9€€S°0 10250 d1dS L8TS0 11€5°0 91150 d1dS
€680 ¥80S°0 L68Y°0 INaDzd TIA-NNMTE 898+°0 60150 °e8Y°0 INADZd TA-NNMTE
87,90 81690 6¥89°0 JIAN- 97 9L¥9°0 92990 €LS9°0 JIAN- 07
€699°0 67890 ¥L99°0 JodsS £€09°0 17€9°0 1L29°0 DodsS
88990 L1S9°0 80¥9°0 DAJDS 1895°0 S€19°0 ¥109°0 DAIDS
6v61°0 12050 986¥°0 d1dS 98610 260S°0 °687°0 d1dS
1650 YLLY'O 9TSy'0 INadDzd wIS-TY ¥8S¥°0 LT8Y'0 295¥°0 INADzd wIS-Ty
6LS9°0 S1L90 6£99°0 JIAN- 9772 6L29°0 LEYI'0 we90 JIAN- 07
$8+9°0 6£99°0 LEYI'O Jods 87850 9619°0 §€09°0 DodsS
19t9°0 LSE9°0 €290 DAIDS 99%S°0 £€96S°0 18850 DAIDS
6€LY0 978¥'0 8ELY'0 d1dS SLLY'0 6S8¥°0 €L9Y°0 d1dS
LYEY0 ¥8S1°0 9S€Y°0 Nadzd voda 9LEY'0 ¥89¥°0 9S¥¥°0 INaOzd voda
198818p 0T 910D 19881Rp PIOIXQ
1¥9L°0 8¥6L°0 799L°0 JIAN- 97 196L°0 8908°0 61LL0 JINN- 97
¥8€L°0 96SL°0 €8¢L°0 Jods SLLL'O 1S6L°0 9EYL 0 Jods
80L°0 99CL°0 §90L°0 DAJDS LTTL'O 6¥€L°0 €61L°0 DAIDS
87850 7965°0 7985°0 d1dS wyos[y £€895°0 ¥985°0 ¥SLS0 d1dS wyos[y
81LS0 6€LS°0 9085°0 Nadzd pasodoig L9LS 0 850 8€9S°0 Nadozd pasodoiq
LSOL0 6LTL0 LTILO JINN L8YLO T0SL°0 1€1L°0 JAN
70690 ¥LOL0 1269°0 Jods 69CL°0 89¢L°0 69690 Jods
¥£€89°0 L8L90 ¥699°0 JAIDS €6L9°0 YLYL O 18L9°0 JAIDS
78650 SLSS0 9L¥S0 41dS G8¢S0 09¢S°0 LTS 0 d1dS
9€€5°0 06€5°0 €9¢S°0 Nadzd TIN-NNTE €LESO 98¢50 89050 INADZd TIN-NNTE
9TL9°0 €€69°0 1689°0 JIAN- 97 EIL0 8¥CL0 ¥889°0 JIAN- 97
67990 ¥889°0 6£99°0 JodsS 8769°0 9IL°0 19L9°0 Jods
¥£€59°0 9%$9°0 L8%9°0 JAADS 6L¥9°0 S1L9°0 8LS9°0 JAIDS
8€€S°0 9€€S°0 88¢S°0 41dS ¥96¥°0 6€15°0 ¥105°0 41dS
9L0S°0 LSIS0 6915°0 Nadzd wIS-Td 86050 SIS0 6L8%°0 Nadzd wIS-Td
1L59°0 8¥L9°0 85990 JIAN- 07 §769°0 610L°0 CTLLY0 JIAN- 07
6LY9°0 £€599°0 5¥9°0 Jods 8CL90 9€69°0 €199°0 DodsS
86€9°0 8L£9°0 ¥L29°0 DAJDS $€29°0 12590 LSE90 DAJOS
LT1S0 ILISO 9%0S°0 d1dS 9CLY'0 9860 1€81°0 d1dS
°S8Y°0 8670 670 Nadzd voa £687°0 17610 969¥°0 INADzd voa
JoseIRp G| QUAOS joseyep Aepr[oH VIANI
uoIsIodId -y Say 0z@d dVIN pasn s10)diroseq pasn wyLIos[y uorstoard-y Say 0z@d dVIN pasn s10)durosoq pasn wpLIos[y

sowayds Sup[ueI-a1 dSew! SNoLeA Jo uonen[ead aaneredwo) p qe],

pringer

Qs



Int J Data Sci Anal (2017) 4:53-81

71

Table 4 continued

Avg R- Precision

P@20

MAP

Algorithm used Descriptors used

Avg R-precision

P@20

MAP

Descriptors used

Algorithm used

0.6965
0.6896
0.7016
0.5128
0.5793

0.6819
0.7122
0.7203
0.5327
0.5679
0.7258
0.7574
0.7718

0.6737
0.6949
0.7128
0.5212
0.5667
0.7129
0.7362
0.7717

SCFVC
SPoC

0.5927
0.6337
0.6731
0.5171
0.5613
0.6337
0.6771
0.7219

0.6490
0.6679
0.6927
0.5464
0.5619
0.6885
0.7081
0.7447

0.6383
0.6569
0.6888
0.5122
0.5432
0.6667
0.6983
0.7375

SCFVC
SPoC

Lo -NMF
PZCDM
SPTF

£y -NMF
PZCDM
SPTF

Proposed

Proposed

Algorithm

Algorithm

0.7269
0.7328
0.7539

SCFVC
SPoC

SCFVC
SPoC

o -NMF

£o -NMF

for training the model and the remaining subset will function
as the query. Hence, each image subset is used once as the
query. The evaluation metrics are then computed as the aver-
age over these ten trials. For low-level features, the evaluation
metrics are calculated as the mean value by considering all the
database images as the query. All the experiments are carried
out in MATLAB 2013b on an Intel Core i17-3770, 3.40 GHz
desktop PC equipped with 16 GB of RAM and Ubuntu 64 bit
operating system.

7.5 Evaluation of the proposed image re-ranking scheme

This section illustrates the retrieval results of the pro-
posed image re-ranking scheme. Section 7.5.1 analyzes the
impact of various parameters of the distance correlation
coefficient-based image re-ranking algorithm on the retrieval
effectiveness. Section 7.5.2 provides a comparative evalua-
tion of the proposed re-ranking algorithm.

7.5.1 Impact of parameters

The parameters of the proposed image re-ranking algorithm
have great implication on the final retrieval performance.
Therefore, determining optimal values for these parameters
is a challenging task. The proposed distance correlation-
based image re-ranking algorithm mainly depends on two
parameters: (i) K number of top retrieved images (ii) 6 the
threshold for the distance correlation measure. Optimal val-
ues for these parameters are estimated in terms of average
retrieval rates. For all the datasets considered for evaluation,
the average retrieval rates are computed with K values rang-
ing from 20 to 200 and five different threshold (0) values
{30, 40, 50, 60, 70}. The average retrieval rate obtained for
various datasets while changing K along with 6 is depicted
in Fig. 3. From these results, it can be concluded that for
small values of K and 6, the retrieval system fails to yield
acceptable precision. As the threshold (6) increases, then
even for small values of K the retrieval system can achieve
better retrieval precision. Considering all these factors into
account, the number of top retrieved images considered for
evaluation (K) and the threshold () are fixed to 100 and 70.

7.5.2 Retrieval results

In this section, the set of experiments conducted for demon-
strating the effectiveness of the proposed image re-ranking
scheme is presented. Various image re-ranking schemes
such as Distance Optimization Algorithm [33], RL-Sim re-
ranking algorithm [15] and Reciprocal kNN Graphs based
manifold learning (RKNN-ML) algorithm [34] have been
evaluated in comparison with the proposed scheme by con-
sidering both low-level and high-level descriptors for all the
four datasets.
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Table S Comparative

evaluation of various Method used Best H' value No of iterations Best H' value No of iterations
g:ﬁagfelrl;:ﬁifissﬂﬁgg?m for the INRIA Holiday dataset Scene 15 dataset
GA 0.746 1200 0.765 1325
DE 0.856 800 0.875 975
ABC 0.787 1050 0.806 1200
CSA 0.812 950 0.838 1050
PSO 0.889 610 0.907 750
Oxford dataset Corel 10K dataset
GA 0.758 1285 0.771 1450
DE 0.866 900 0.884 1050
ABC 0.798 1100 0.813 1375
CSA 0.824 1000 0.836 1225
PSO 0.897 690 0.917 925
Table 6 Rank aggregation results of the proposed scheme for low-level descriptors
Descriptor type Descriptor used MAP P@20 Avg R-precision MAP P@20 Avg R-precision
Holiday dataset Scene-15 dataset
Color WDCD 0.3495 0.3588 0.3327 0.4086 0.4176 0.3802
PZCDM 0.4325 0.4566 0.4413 0.4564 0.4611 0.4279
WDCD + PZCDM 0.5482 0.5623 0.5571 0.5712 0.5803 0.5538
Texture LTrP 0.3593 0.3661 0.3457 0.4148 0.4218 0.3996
SPTF 0.4471 0.4584 0.4372 0.4662 0.4807 0.4734
LTrP + SPTF 0.5529 0.5617 0.5643 0.5778 0.5914 0.5862
Shape GFD 0.2649 0.2892 0.2732 0.2777 0.2940 0.2811
CBFD 0.3014 0.3153 0.2985 0.3159 0.3316 0.3194
GFD + CBFD 0.4250 0.4349 0.4037 0.4325 0.4516 0.4222
Oxford dataset Corel 10K dataset
Color WDCD 0.3472 0.3674 0.3355 0.3696 0.3794 0.3524
PZCDM 0.4020 0.4226 0.3949 0.3909 0.4122 0.3916
WDCD + PZCDM 0.5262 0.5439 0.5314 0.5094 0.5275 0.5199
Texture LTrP 0.3922 0.4168 0.4026 0.4118 0.4363 0.4182
SPTF 0.4297 0.4421 0.4388 0.4369 0.4482 0.4302
LTrP + SPTF 0.5387 0.5561 0.5438 0.5419 0.5596 0.5416
Shape GFD 0.3356 0.3497 0.3286 0.3210 0.3461 0.3352
CBFD 0.3768 0.3973 0.3731 0.3554 0.3688 0.3428
GFD + CBFD 0.4852 0.5047 0.3883 0.4664 0.4758 0.4015

Tables 2 and 3 summarizes the mean average preci-
sion, P@20 and average R-precision values obtained with
the proposed approach for various low-level and high-level
descriptors under the following circumstances: before and
after the use of the proposed re-ranking scheme in image
retrieval. For each of the above-mentioned evaluation met-
rics, the relative gain achieved with the proposed model
is also reported. All these results shows that the distance
correlation-based re-ranking scheme is more effective in
image retrieval and there is significant gain in the retrieval

@ Springer

performance as compared to the results of individual descrip-
tors in isolation.

Figure 4 depicts the 11-point interpolated average pre-
cision curve obtained while employing a selected set of
low-level and high-level descriptors in isolation and in
combination with the proposed re-ranking scheme for the
retrieval experiments. Across all values of recall, it seems that
the retrieval precision achieved by the proposed re-ranking
scheme is significantly better than individual descriptors used
in isolation for all image collections.



Int J Data Sci Anal (2017) 4:53-81

73

Table 7 Rank aggregation results of the proposed scheme for high-level descriptors

Descriptor name MAP P@20 Avg R-precision MAP P@20 Avg R-precision
Holiday dataset Scene-15 dataset

SCFVC 0.6081 0.6153 0.5811 0.5736 0.5819 0.5782

SPoC 0.6314 0.6541 0.6321 0.6172 0.6277 0.6057

£o- NMF 0.6480 0.6603 0.6551 0.6430 0.6676 0.6442

SCFVC+ SPoC + £yp- NMF 0.7992 0.8156 0.8067 0.7943 0.8128 0.7994
Oxford dataset Corel 10K dataset

SCFVC 0.5422 0.5514 0.5017 0.5872 0.5973 0.6027

SPoC 0.5639 0.5778 0.5497 0.6074 0.6227 0.6094

£o- NMF 0.5930 0.6069 0.5889 0.6279 0.6373 0.6116

SCFVC+ SPoC + £o- NMF 0.7485 0.7352 0.7384 0.7791 0.7815 0.7638

The comparative evaluation of the proposed image re-
ranking scheme is outlined in Table 4. It can be observed
that the distance correlation-based image re-ranking scheme
accomplished significant gain in retrieval effectiveness in
case of all four datasets and all types of image descriptors as
compared to other existing methods. On an average, the pro-
posed re-ranking model achieved 6% improvement in overall
retrieval effectiveness across all the four dataset considered
for evaluation. These results underline the fact that the pro-
posed image re-ranking scheme yields favorable retrieval
scores in comparison with state-of-the-art approaches.

7.6 Evaluation of the PSO-based rank list fusion scheme

A detailed evaluation of the proposed PSO-based rank list
fusion scheme is presented in this section. The procedure
used for similarity score normalization and the retrieval
experiments carried out in various datasets using the pro-
posed rank list fusion scheme are comprehensively discussed
in the rest of the subsections.

7.6.1 Similarity matrix normalization

It should be noted that the physical meaning of individual
feature descriptors are different and the corresponding simi-
larity matrices need not be on the same numerical scale. That
is, the similarity matrices at the output of individual retrieval
models may not be homogeneous. Therefore, these similar-
ity matrices cannot be directly aggregated and normalization
has to perform before the actual fusion takes place. The scal-
ing down transformation of the original similarity matrix to
a reasonably lower range is termed as normalization. As it
is a critical step in similarity score fusion, the normalization
process must be carefully designed.

The tanh-estimator introduced by Hampel et al. [66]
is reported to be an efficient and robust normalization
technique. This paper adopts tanh-estimators for the normal-

ization process. Let {S,-}lN: | be the set of similarity matrices
of N database images corresponding to a given query image
I, and {u ,0} be the mean and the standard deviation esti-
mates of these similarity scores. Then, for each image in
the database, the normalized similarity score based on tanh-
estimator is given by:

§ = %[tanh(0.0l * (Si - “)) n 1} (23)

o

where S; is the original similarity score and S; is its normal-
ized version after applying tanh-estimator.

7.6.2 Retrieval result

We consider the reciprocal rank fusion strategy (RRF) [9],
the distance optimization algorithm based clustering (DOA-
Cluster) [33], and the query-specific rank fusion algorithm
(QSRF) [27] as the baseline to evaluate the proposed rank list
fusion scheme. Based on the retrieval results of the image re-
ranking experiments presented in Tables 2 and 3, the best four
among low-level descriptors and the best three among high-
level descriptors are selected for the task of rank list fusion.
Thus, PZCDM [42], SPTF [42], WDCD [50] and LTrP [53]
are selected from the category of low-level descriptors and
SCFVC [60], SPoC [61] and £( -NMF [62] are chosen from
the family of high-level descriptors.

First of all, Table 5 summarizes the result obtained by
the proposed PSO-based approach in solving the optimiza-
tion problem specified in Eq. (11) in comparison with other
meta heuristic algorithms. The table provides the best H’
value obtained by each of the approaches and the num-
ber of iterations performed by each methods to reach the
corresponding best H' values. In all the datasets selected
for evaluation, the proposed approach converged to a bet-
ter H' values in lesser number of iterations. Thus, it can
be conclude that proposed PSO-based approach is better
than other metaheuristic algorithms such as GA [44], DE
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Fig. 5 Retrieval performance of the proposed rank aggregation scheme based on 11-point interpolated average precision. a INRIA Holiday dataset.

b Scene-15 dataset. ¢ Oxford data set. d Corel 10K dataset

[46], ABC [47] and CSA [48] for the task of rank list
fusion.

Then, we analyze the relative improvements in MAP,
P@20 and Avg. R-precision values while using the PSO-
based rank list fusion scheme for image retrieval operation
based on the results summarized in Tables 6 and 7. In con-
trast to the retrieval result of each descriptor in isolation,
there is significant gain in precision while using PSO-based
rank list fusion scheme. For example, in INRIA Holiday
dataset [41], the MAP score is increased to 79.92% by using
the PSO-based approach for aggregating the retrieval lists
returned by SCFVC, SPoC and ¢y- NMF descriptors. When
these descriptors are used in isolation for the retrieval task,
respective gains of 60.81, 63.14 and 64.80% are obtained.
Similar results can also be observed with P@20 and Average
R-precision values.

@ Springer

Figure 5 shows the 11 -point interpolated precision curves
of certain selected image descriptors in different situations:
i.e., before rank list fusion and after applying the PSO-based
rank list fusion algorithm. It can be easily inferred that the
precision achieved by the proposed rank list fusion scheme
is notably higher than that of individual descriptors in isola-
tion.

Next, a comparative evaluation of the PSO-based rank
list fusion scheme is provided. Table 8 summarizes the
mean average precision (MAP), Precision at 20 (P@20)
and Average R-precision values obtained with the proposed
PSO-based rank list fusion scheme in comparison with
state-of-the-art approaches. It is well understood from the
above results that for all combination of image descrip-
tors, we can observe positive gain in retrieval precision as
compared to the state-of-the-art approaches. While analyz-



75

Int J Data Sci Anal (2017) 4:53-81

81690 601L°0 880L°0 AN -97 +D0dS +DAADS LL990 LT89°0 16L9°0 JIAN -9 +00dS +DAADS
96L9°0 89690 £¥89°0 JINN+ Dodg Y9v9°0 €L99°0  8LS90 AN+ Dods
£599°0 06890 €990 00dS +DAADS 0€09°0 0Ce90  0ve90 00dS +DA4DS
LSY0S0 62CS’0 61150 d1dS + INADZd LLOSO 6C1S0  8¢0S0 d1dS + INADZd
LILY'0 60610 8YL10 41T+ ddodam RsnD-vOod S09t°0 8SLY'0  TLSYO dILT+ dodm RIsnD-vod
8¢99°0 S189°0 16L9°0  AIAN -07 +D0dS +DAIDS ¥8€9°0 €890 S6¥9°0 JIAN -0 +D0dS +DAADS
919°0 €L99°0  6£59°0 JIN+ Dods 8S19°0 69¢9°0  ¥879°0 AN+ Dods
6790 ¥859°0 12€9°0 20dS +DAADS 8CLS0 7109°0  8€6S5°0 D0dS +DAIDS
6¢LY0 9Er'0 LT8Y0 d1dS + INdDZd Y8LY0 SE’Y'0  6vLYO d1dS + INADZd
8LYY0 81910 LSO 41T+ ddam Jd9Y YLEV'O €Ory'0  L8TYO d1LT+dodm Jd9d
j1aseIep MOT 010D JaseIRp PIOJXO
¥66°0 8CI80 EP6L0 AN -97 +00dS +DAIDS L9080 96180  CTO66L0 JIAN -97 +D0dS +DAADS
8ELLO £€96L°0 ELLLO JINN+ Dodg S68L°0 8¥6L°0  6VLLO AN+ Dods
¥8€L0 CoSL’0  6VPL0 20dS +DAIDS 969L°0 €68L°0  6¥9L°0 20dS +DAJDS
6€09°0 8CI90  6£6S0 d1dS + INdDZd 8LS0 6L85°0 €ELS0 d1dS + INdDZd wyos[y
¥9¢S°0 8ESS0  6£¥S0 LT+ dDam  wpuosie pasodorg 6¥LY0 1861°0 £98%°0 41T+ dddm pasodoig
€8YL°0 LTOL'0  9EbL'0 AN -97 +00dSs +DAIDS 966L0 woLo €8¥L°0 JIAN -97 +D0dS +DAADS
eveL0 SSYL0 192L°0 AN -07 + Dodg ¥8€L°0 OtvL’0  8ETLO AN -97 + Dods
9L89°0 180L°0 8¢€69°0 20dS +DAdDS 6¥1L°0 oveL’0  LEILO 20dS +DAdDS
€SS0 61960  9T¥S0 d1dS + INdDZd YLTS0 G9¢C0  LTTSO A1dS + INdDZd
6SLY0 62050 92610 41T+ ddam 4950 8ECH0 LYY 0 SSeEr0 41T+ dodm 4480
€8CL0 LYYL0 1STL'0 AN -9 +00dS +DAIDS LLELO 8EOVL'0  ¥8TLO  AINN -97 + D0dS +DAADS
£€50L0 9LcL’0  080L°0 AN -97 + Dods 88IL0 €9CL0 £€50L0 JIAN -97 + Dods
1699°0 ¥889°0 86L9°0 20dS +DA4DS 0L69°0 I91L°0 £569°0 D0dS +DA4DS
¢SeC0 YS90 6£CS0 ALdS + NdDZd L60S°0 98160  L¥OSO d1dS + INdDZd
[LSY0 9¢8Y'0  9YLY0 dILT+ ddam RIsnD-vod 29010 €6cy'0  CLIVO dILT+ dodm R1snD-vOod
16690 8CILO €769°0 AN -7 +D0dS +DAIDS L90L0 9GIL'0  T669°0 JIAN -9 +00dS +DAADS
8€L9°0 £969°0 €LL90 SN+ Dodg 6890 ¥869°0  8SL90 AN -07 + Dods
78€9°0 6590  6v¥9°0 00dS +DAADS §9999°0 £€689°0  6¥99°0 00dS +DAHDS
6£05°0 LTIS0 €861°0 d1dS + NADZd 8LY0 6L87°0 €ELY0 41dS + INADZd
¥9Tr'0 8ESY0  6EVY 0 41T+ adam J9Y 6¥LE0 186€°0 £98¢°0 d1IT+dodm J9Y
JaseIep G QUAOS josejep Aeprjoq VIUNI
uors1oard-y 3ay 0zod dVIN pasn s103dosog posn wyILo3[y uors1oard-y 3ay ozod dAVIN pasn s103dLosa(q posn wyILo3[y

sowayds uoneSaI3Se Juer snorea Jo uonen[ead daneredwo) g AqeL

pringer

As



76

Int J Data Sci Anal (2017) 4:53-81

=]
o
Z
Q
[}
—
o
& | %
()}
21 =
< | <
(o))
(]
ISl
® | wn
A S
v
[aW
< | &
S
3
2| &
2| <
Sl +
o
'*“-8
Q
21 A
j5)
Al =
el
Q
172}
=
g
= |
b= I~
o | »n
N N ed
<
=1
o
iz
Q
[0}
St
2L
|2
o0
2| =
< | 3
[l
(=]
a5
® | =
o
a | &
| S
o
3
2| &
2 | =
Sl +
&l a
510
2| 2
)
Al =
el
Q
=
(=1 =]
£13
S| 2
O:’
1 E
w | < | K
o | T | &
2| &% 8
N-—O
=<

@ Springer

0.5245
0.6852
0.6955
0.7141
0.5488
0.5739
0.7349
0.7462
0.7638

0.5442
0.7079
0.7166
0.7323
0.5618
0.5936
0.7584
0.7673
0.7815

0.5330
0.6817
0.7042
0.7288
0.5457
0.5827
0.7321
0.7539
0.7791

PZCDM + SPTF

0.5279
0.6231
0.6663
0.6891
0.5374
0.5784
0.6728
0.7158
0.7384

0.5340
0.6520
0.6872
0.7029
0.5463
0.5835
0.7014
0.7669
0.7532

0.5255
0.6442
0.6779
0.6974
0.5287
0.5749
0.6938
0.7284
0.7485

PZCDM + SPTF

SCFVC+ SPoC
SpoC +NMF

SCFVC+ SPoC
SpoC +NMF

SCFVC+ SpoC+ £p- NMF

WDCD + LTrP

SCFVC+ SpoC+ £p- NMF

WDCD + LTrP

Proposed algorithm

Proposed

PZCDM + SPTF

PZCDM + SPTF

Algorithm

SCFVC+ SPoC
SpoC +NMF

SCFVC+ SPoC
SpoC +NMF

SCFVC+ SpoC+ £p- NMF

SCFVC+ SpoC+ £o-NMF

ing the retrieval performance on all the four datasets, the
proposed rank list fusion scheme on average achieved 5%
improvement in mAP, 5% improvement in P@20 and 5%
improvement in average R-Precision values as compared to
baseline approaches. Thus, it can be concluded that the PSO-
based rank list fusion scheme works better than the baseline
approaches.

7.7 Statistical significance test

In order to assess whether the proposed retrieval method per-
forms better than the baseline models, it is necessary to apply
a test of significance. In practice, the test of significance pro-
vide information about whether the observed difference in
the evaluation scores of various retrieval methods are really
meaningful. Based on statistical evidence, the tests of signif-
icance determine whether the difference in evaluation scores
are not caused by chance or due to inherent noise in the eval-
uation. A number of different statistical tests are proposed
in the literature to determine whether the difference in per-
formance between retrieval methods are significant or not.
Among them, Friedman significance test [67] is the most
commonly used one and is generally applied to the mean
average precision (mAP) of various retrieval models to com-
pare the significance of each of their retrieval results.

The Friedman test is a nonparametric statistical signifi-
cance test such that it does not make any assumption about the
distribution of the measurements and their error. To perform
the significance test a null hypothesis is initially framed. In
the case of image retrieval, the typical null hypothesis states
the equality of different retrieval models. That is, there is no
significant difference in the retrieval models selected for eval-
uation. The Friedman test assumes that there are c retrieval
models (¢ > 2) to be evaluated and the evaluation scores cor-
responding to each model are arranged in b rows where b rep-
resents the number of datasets. The Friedman test proceeds as
follows: initially, different retrieval models are ranked sepa-
rately for each dataset in such a way that the best performing
algorithm gets a rank of 1, the second best algorithm gets a
rank of 2, and so on. Then, the total rank of each retrieval
model across all the datasets are computed as follows:

b

rj=Y rij (24)

i=1

where r;; is the rank associated with the j-th retrieval model
for the i-th dataset.

Finally, the Friedman test statistics Fy is computed as fol-
lows:

B 12
T bxcx(c+1)

N

C
ri—=3%bx(c+1) (25)
j=1
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Fig. 6 Friedman test results for
re-ranking algorithms

Friedman's Test For re-ranking results

File Edit View Insert Tools Desktop Window Help N
Friedman's Table for the mAP values of various image re-ranking
Source SS df MS Chi-sq  Prob>Chi-sq - |
Columns 20 3 b6.66667 12 0.0074
Error 0 S 0 i
Total 20 15
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Test for column effects after row effects are remowved

Fig. 7 Friedman test results for
rank aggregation algorithms

Figure 1: Friedman's Test for rank list Fusion

Friedman's Table for the mAP values of various rank list fusion schemes

Desktop Window Help

File Edit View Insert Tools
Source SS df MS Chi-sq  Prob>Chi-sq E
Columns  19.125 3 6.375 11.77 0.0082

Error 0.375 9 0.04167

Total 19.5 15

(]

Test for column effects after row effects are removed

where r]2. is the square of the total of the ranks for j-th retrieval
model.

The Friedman test statistics Fy follows a x? distribution
with (¢ — 1) degrees of freedom and having a p-value asso-
ciated with it. In practice, the p-value is a probability that
measures the evidence against the null hypothesis and a
lower p-value provides stronger evidence against the null
hypothesis. Thus, the null hypothesis can be rejected when
the p-value obtained is less than the selected significance
level .

Friedman test results for the mAP values of the proposed
and baseline approaches for image re-ranking and rank list
fusion while considering only the top performing image
descriptors are presented in Figs. 6 and 7. In both the cases,
the significance level («) is set as 0.05, the number of models
compared (c) is four and the number of datasets evaluated
(b) is also four. From the results shown in Figs. 6 and 7,
it is evident that the Friedman test utilizing x? distribution
with three degrees of freedom yield 0.0074 and 0.0082 as
its respective p-values. In both the cases, the p-values are
observed to be lesser than the predefined significance level
0.05. Therefore, the null hypothesis at the significance level
a = 0.05 can be rejected and it can be concluded that there
is remarkable difference between the proposed approaches
and the baseline models for the task of image re-ranking and
rank aggregation.

7.8 Evaluation of the re-ranking and rank
aggregation-based combination strategy

The experimental results summarized in this section illus-
trates how the proposed strategy for combining image
re-ranking results of multiple descriptors using rank aggre-
gation improves the overall effectiveness of the retrieval
operation. In this paper, the retrieval results of the distance
correlation coefficient-based image re-ranking algorithm for
various descriptors are integrated with the PSO-based rank
aggregation scheme. This combination strategy is evaluated
for different descriptors and datasets. We examined four
datasets and for evaluation purpose.

The average MAP values obtained for all the descrip-
tors considered for evaluation in various datasets when the
distance correlation coefficient-based image re-ranking algo-
rithm is used in isolation and in combination with PSO-based
rank aggregation scheme for the retrieval task is presented in
Table 9. As we can observe, the proposed combination strat-
egy yields higher MAP score with remarkable gains for all
the descriptors. It should be noted that the proposed combi-
nation framework on an average accomplished relative gains
of 35.64, 32.64, 35.54 and 34.95% in MAP values on INRIA
Holiday [41], Scene 15 [63], Oxford [64] and Corel 10K [65]
image collections. The relative gain is estimated by compar-
ing the retrieval score of the proposed rank list fusion scheme
and the highest score among the individual descriptors.

@ Springer
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Fig. 8 11-point interpolated average precision values of the proposed combination strategy for image retrieval. a INRIA Holiday dataset.

b Scene-15 dataset.c Oxford dataset. d Corel 10K dataset

The proposed model is further evaluated on the basis of
average Precision @20(P @20) values and the results are sum-
marized in Table 10. The obtained average P@20 scores
indicate the fact that the proposed combination strategy is
a promising alternative to image retrieval. In addition, Fig. 8
shows the 11-point interpolated precision values of the pro-
posed framework under varying situations: before and after
using the proposed combination strategy for image retrieval.
Asitcan be seen, there is significant gain in precision with the
proposed approach in all the retrieval experiments conducted
across all the datasets.

8 Conclusion

In this paper, new strategies for image re-ranking and rank
aggregation are proposed and are efficiently integrated to

further improve the retrieval performance of existing CBIR
systems. The proposed framework unifies a distance cor-
relation coefficient-based image re-ranking algorithm and
a PSO-based rank list fusion scheme. This enables the
re-ordering of retrieval lists generated by multiple CBIR
systems and the aggregation of these fine-tuned results to
have an enhanced solution. The proposed framework is eval-
uated using low-level and high-level image descriptors. A
rich set of experiments were conducted and the obtained
results demonstrated improved performance in terms of
effectiveness and efficiency as compared to the results of
individual CBIR systems in isolation. In future, the possi-
bility of combining the proposed framework with certain
supervised approaches such as relevance feedback will be
investigated.

@ Springer



80

Int J Data Sci Anal (2017) 4:53-81

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Rui, Y., Huang, T.S., Ortega, M., Mehrotra, S.: Relevance feedback:
a power tool for interactive content-based image retrieval. IEEE
Trans. Circuits Syst. Video Technol. 8(5), 644-655 (1998)

Tong, S., Chang, E.: Support vector machine active learning for
image retrieval. In: Proceedings of the Ninth ACM International
Conference on Multimedia, ACM, pp. 107-118 (2001)

Su, Z., Zhang, H., Li, S., Ma, S.: Relevance feedback in content-
based image retrieval: Bayesian framework, feature subspaces, and
progressive learning. IEEE Trans. Image Process. 12(8), 924-937
(2003)

Zhou, X.S., Huang, T.S.: Relevance feedback in image retrieval: a
comprehensive review. Multimed. Syst. 8(6), 536-544 (2003)
Ion, A.L., Stanescu, L., Burdescu, D.: Semantic based image
retrieval using relevance feedback. In: The International Confer-
ence on Computer as a Tool EUROCON, 2007, IEEE, pp. 303-310
(2007)

Ferecatu, M., Boujemaa, N., Crucianu, M.: Semantic interactive
image retrieval combining visual and conceptual content descrip-
tion. Multimed. Syst. 13(5-6), 309-322 (2008)

Dwork, C., Kumar, R., Naor, M., Sivakumar, D.: Rank aggrega-
tion methods for the web. In: Proceedings of the 10th international
conference on World Wide Web, ACM, pp. 613-622 (2001)
Marshall, B., Wilson, D.-M.: Applying aggregation concepts for
image search. In: Tenth IEEE International Symposium on Multi-
media (ISM), 2008, IEEE, pp. 328-333 (2008)

Cormack, G.V., Clarke, C.L., Buettcher, S.: Reciprocal rank fusion
outperforms condorcet and individual rank learning methods. In:
Proceedings of the 32nd International ACM SIGIR Conference on
Research and Development in Information Retrieval, ACM, pp.
758-759 (2009)

Park, G., Baek, Y., Lee, H.-K.: Re-ranking algorithm using post-
retrieval clustering for content-based image retrieval. Inf. Process.
Manag. 41(2), 177-194 (2005)

Hsu, W.H., Kennedy, L.S., Chang, S.-F.: Video search rerank-
ing through random walk over document-level context graph. In:
Proceedings of the 15th International Conference on Multimedia,
ACM, pp. 971-980 (2007)

Kontschieder, P, Donoser, M., Bischof, H.: Beyond pairwise shape
similarity analysis. In: Computer Vision—ACCV 2009, Springer,
pp. 655-666 (2009)

Tian, X., Yang, L., Wang, J., Wu, X., Hua, X.-S.: Bayesian visual
reranking. IEEE Trans. Multimed. 13(4), 639-652 (2011)

Shen, X., Lin, Z., Brandt, J., Avidan, S., Wu, Y.: Object retrieval
and localization with spatially-constrained similarity measure and
k-nn re-ranking. In: IEEE Conference on Computer Vision and
Pattern Recognition (CVPR), 2012, IEEE, pp. 3013-3020 (2012)
Pedronette, D.C.G., Torres, R.S.: Image re-ranking and rank aggre-
gation based on similarity of ranked lists. Pattern Recognit. 46(8),
2350-2360 (2013)

Porkaew, K., Chakrabarti, K.: Query refinement for multimedia
similarity retrieval in mars. In: Proceedings of the Seventh ACM
International Conference on Multimedia (Part 1), ACM, pp. 235-
238 (1999)

Deselaers, T., Paredes, R., Vidal, E., Ney, H.: Learning weighted
distances for relevance feedback in image retrieval. In: 19th Inter-
national Conference on Pattern Recognition (ICPR), 2008, IEEE,
pp- 1-4 (2008)

Drucker, H., Shahrary, B., Gibbon, D.C.: Relevance feedback using
support vector machines. In: ICML, pp. 122-129 (2001)

Renda, M.E., Straccia, U.: Web metasearch: rank versus score
based rank aggregation methods. In: Proceedings of the 2003 ACM
Symposium on Applied computing, ACM, pp. 841-846 (2003)

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Liu, Y., Mei, T., Hua, X.-S., Tang, J., Wu, X., Li, S.: Learning
to video search rerank via pseudo preference feedback. In: IEEE
International Conference on Multimedia and Expo, 2008, IEEE,
pp- 297-300 (2008)

Amir, A., Berg, M., Chang, S.-F., Hsu, W, Iyengar, G., Lin, C.-Y.,
Naphade, M., Natsev, A., Neti, C., Nock, H. et al.: Ibm research
trecvid-2003 video retrieval system. NIST TRECVID (2003)

Liu, Y., Mei, T., Hua, X.-S., Tang, J., Wu, X., Li, S.: Learning
to video search rerank via pseudo preference feedback. In: IEEE
International Conference on Multimedia and Expo, 2008, IEEE,
pp- 297-300 (2008)

Rudinac, S., Larson, M., Hanjalic, A.: Exploiting visual re-ranking
to improve pseudo-relevance feedback for spoken-content-based
video retrieval. In: Proceedings of the 10th Workshop on Image
Analysis for Multimedia Interactive Service, IEEE, pp. 17-20
(2009)

Liu, Y., Mei, T.: Optimizing visual search reranking via pairwise
learning. IEEE Trans. Multimed. 13(2), 280-291 (2011)

Liu, W., Jiang, Y.-G., Luo, J., Chang, S.-F.: Noise resistant graph
ranking for improved web image search. In: IEEE Conference on
Computer Vision and Pattern Recognition (CVPR), 2011, IEEE,
pp- 849-856 (2011)

Wang, M., Li, H., Tao, D., Lu, K., Wu, X.: Multimodal graph-
based reranking for web image search. IEEE Trans. Image Process.
21(11), 4649-4661 (2012)

Zhang, S., Yang, M., Cour, T., Yu, K., Metaxas, D.N.: Query spe-
cific rank fusion for image retrieval. IEEE Trans. Pattern Anal.
Mach. Intell. 37(4), 803-815 (2015)

Qin, D., Gammeter, S., Bossard, L., Quack, T., Van Gool, L.:
Hello neighbor: accurate object retrieval with k-reciprocal nearest
neighbors. In: IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), 2011, IEEE, pp. 777-784 (2011)

Jing, Y., Baluja, S.: Visualrank: Applying pagerank to large-scale
image search. IEEE Trans. Pattern Anal. Mach. Intell. 30(11),
1877-1890 (2008)

Yang, X., Bai, X., Latecki, L.J., Tu, Z.: Improving shape retrieval
by learning graph transduction. In: Computer Vision—-ECCV 2008,
Springer, pp. 788-801 (2008)

Yang, X., Koknar-Tezel, S., Latecki, L.J.: Locally constrained
diffusion process on locally densified distance spaces with applica-
tions to shape retrieval. In: IEEE Conference on Computer Vision
and Pattern Recognition (CVPR), 2009, IEEE, pp. 357-364 (2009)
Yang, X., Latecki, L.J.: Affinity learning on a tensor product graph
with applications to shape and image retrieval. In: IEEE Confer-
ence on, Computer Vision and Pattern Recognition (CVPR), 2011,
IEEE, pp. 2369-2376 (2011)

Pedronette, D.C.G., Torres, R.S.: Exploiting clustering approaches
for image re-ranking. J. Vis. Lang. Comput. 22(6), 453-466 (2011)
Pedronette, D.C.G., Penatti, O.A., Torres, R.S.: Unsupervised man-
ifold learning using reciprocal knn graphs in image re-ranking and
rank aggregation tasks. Image Vis. Comput. 32(2), 120-130 (2014)
Aslam, J.A., Montague, M.: Models for metasearch. In: Proceed-
ings of the 24th Annual International ACM SIGIR Conference on
Research and Development in Information Retrieval, ACM, pp.
276-284 (2001)

Lu, T., Boutilier, C.: Learning mallows models with pairwise pref-
erences. In: Proceedings of the 28th International Conference on
Machine Learning (ICML-11), pp. 145-152 (2011)

Qin, T., Geng, X., Liu, T.-Y.: A new probabilistic model for rank
aggregation. In: Advances in Neural Information Processing Sys-
tems, pp. 1948-1956 (2010)

Fox, E.A., Shaw, J.A.: Combination of multiple searches, NIST
SPECIAL PUBLICATION SP pp. 243-243 (1994)

. Jain, A K., Vailaya, A.: Image retrieval using color and shape. Pat-

tern Recognit. 29(8), 1233-1244 (1996)



Int J Data Sci Anal (2017) 4:53-81

81

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Depeursinge, A., Miiller, H.: Fusion techniques for combining tex-
tual and visual information retrieval. In: Image CLEF, Springer,
pp- 95-114 (2010)

Jegou, H., Douze, M., Schmid, C.: Hamming embedding and weak
geometric consistency for large scale image search. In: Computer
Vision—ECCYV 2008, Springer, pp. 304-317 (2008)

Wang, X.-Y., Zhang, B.-B., Yang, H.-Y.: Content-based image
retrieval by integrating color and texture features. Multimed. Tools
Appl. 68(3), 545-569 (2014)

Székely, G.J., Rizzo, M.L., Bakirov, N.K., et al.: Measuring and
testing dependence by correlation of distances. Ann. Stat. 35(6),
2769-2794 (2007)

Deb, K., Pratap, A., Agarwal, S., Meyarivan, T.: A fast and elitist
multiobjective genetic algorithm: NSGA-II. IEEE Trans. Evolut.
Comput. 6(2), 182-197 (2002)

Kenndy, J., Eberhart, R.: Particle swarm optimization. In: Proceed-
ings of IEEE International Conference on Neural Networks, vol.
4, pp. 1942-1948 (1995)

Storn, R., Price, K.: Differential evolution-a simple and efficient
heuristic for global optimization over continuous spaces. J. Global
Optim. 11(4), 341-359 (1997)

Karaboga, D., Akay, B.: A comparative study of artificial bee
colony algorithm. Appl. Math. Comput. 214(1), 108-132 (2009)
Yang, X.-S., Deb, S.: Engineering optimisation by cuckoo search.
Int. J. Math. Model. Numer. Optim. 1(4), 330-343 (2010)

Ab Wahab, M.N., Nefti-Meziani, S., Atyabi, A.: A comprehen-
sive review of swarm optimization algorithms. PloS ONE 10(5),
e0122827 (2015)

Talib, A., Mahmuddin, M., Husni, H., George, L.E.: A weighted
dominant color descriptor for content-based image retrieval. J. Vis.
Commun. Image Represent. 24(3), 345-360 (2013)

Tran, L.V., Lenz, R.: Compact colour descriptors for colour-based
image retrieval. Signal Process. 85(2), 233-246 (2005)

Murala, S., Maheshwari, R., Balasubramanian, R.: Directional
local extrema patterns: a new descriptor for content based image
retrieval. Int. J. Multimed. Inf. Retr. 1(3), 191-203 (2012)
Murala, S., Maheshwari, R., Balasubramanian, R.: Local tetra pat-
terns: a new feature descriptor for content-based image retrieval.
IEEE Trans. Image Process. 21(5), 2874-2886 (2012)

Ricard, J., Coeurjolly, D., Baskurt, A.: Generalizations of angular
radial transform for 2d and 3d shape retrieval. Pattern Recognit
Lett 26(14), 2174-2186 (2005)

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Zhang, D., Lu, G.: Generic fourier descriptor for shape-based image
retrieval. In: Proceedings of the IEEE International Conference on
Multimedia and Expo, 2002 ICME’02, vol. 1, IEEE, pp. 425-428
(2002)

El-ghazal, A., Basir, O., Belkasim, S.: Invariant curvature-based
fourier shape descriptors. J. Vis. Commun. Image Represent. 23(4),
622-633 (2012)

Chum, O., Philbin, J., Zisserman, A. et al.: Near duplicate image
detection: min-hash and tf-idf weighting. In: BMVC, vol. 810, pp.
812-815 (2008)

Jégou, H., Douze, M., Schmid, C., Pérez, P.: Aggregating local
descriptors into a compact image representation. In: IEEE Confer-
ence on Computer Vision and Pattern Recognition (CVPR), 2010,
IEEE, pp. 3304-3311 (2010)

Li, L.-J., Su, H., Lim, Y., Fei-Fei, L.: Object bank: an object-level
image representation for high-level visual recognition. Int. J. Com-
put. Vis. 107(1), 20-39 (2014)

Liu, L., Shen, C., Wang, L., van den Hengel, A., Wang, C.: Encod-
ing high dimensional local features by sparse coding based fisher
vectors. In: Advances in Neural Information Processing Systems,
pp. 1143-1151 (2014)

Zhao, B., Xing, E.: Sparse output coding for large-scale visual
recognition. In: Proceedings of the IEEE Conference on Computer
Vision and Pattern Recognition, pp. 3350-3357 (2013)

Arun, K.S., Govindan, V.: Optimizing visual dictionaries for effec-
tive image retrieval. Int. J. Multimed. Inf. Retr. 4(3), 165-185
(2015)

Lazebnik, S., Schmid, C., Ponce, J.: Beyond bags of features: spa-
tial pyramid matching for recognizing natural scene categories. In:
IEEE Computer Society Conference on Computer Vision and Pat-
tern Recognition, 2006 , vol. 2, IEEE, pp. 2169-2178 (2006)
Philbin, J., Chum, O., Isard, M., Sivic, J., Zisserman, A.: Object
retrieval with large vocabularies and fast spatial matching. In: [EEE
Conference on Computer Vision and Pattern Recognition, 2007
(CVPR’07), IEEE, pp. 1-8 (2007)

Liu, G.-H., Yang, J.-Y.: Content-based image retrieval using color
difference histogram. Pattern Recognit. 46(1), 188-198 (2013)
Hampel, F .R., Ronchetti, E .M., Rousseeuw, P .J., Stahel, W .A.:
Robust Statistics: The Approach Based on Influence Functions,
vol. 114. Wiley, Hoboken (2011)

Sheskin, D.J.: Handbook of Parametric and Nonparametric Statis-
tical Procedures. CRC Press, Boca Raton (2003)

@ Springer



	On integrating re-ranking and rank list fusion techniques  for image retrieval
	Abstract
	1 Introduction
	2 Prior work
	2.1 Image re-ranking
	2.2 Rank list fusion

	3 Notations and definitions
	4 Distance correlation coefficient-based image re-ranking
	4.1 Distance correlation coefficient
	4.2 Partitioning the database images into two disjoint subsets
	4.3 Adaptively updating the similarity score

	5 The proposed rank list fusion scheme
	5.1 Problem definition
	5.2 PSO-based rank list fusion algorithm
	5.2.1 Overview of PSO
	5.2.2 Swarm initialization
	5.2.3 Optimal weight finding


	6 Combining re-ranking and rank aggregation methods for effective image retrieval
	7 Performance evaluation and discussion
	7.1 Description of the dataset
	7.2 Evaluation metric
	7.3 Image descriptors used for retrieval experiments
	7.4 Experimental protocol
	7.5 Evaluation of the proposed image re-ranking scheme
	7.5.1 Impact of parameters
	7.5.2 Retrieval results

	7.6 Evaluation of the PSO-based rank list fusion scheme
	7.6.1 Similarity matrix normalization
	7.6.2 Retrieval result

	7.7 Statistical significance test
	7.8 Evaluation of the re-ranking and rank aggregation-based combination strategy

	8 Conclusion
	References




